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(57) Abstract 

This invention relates to a number of components, devices and networics involving imegrated optk:s and/or half coupler technology, 
all of which involve the use of electronically switchable Bragg grating devices and device ^ometries realized using hc^ographic 
polymei/dispeised liquid crystal materials. Most of die oamponents and devices are paiticulaily adapted for use In wavde^gth division 
multiplexing (WDM) systems and in paitlcular for use in switchable add/drop filtering (SADF) and wavefenglh selective crossc(Hmect. 
Attenuatois, oulcouplers and a variety of other devices are also provided. 
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SWITCHABLE OPTICAL COMFQNlgNTS 
Prior ApplicfltiiiiM 

This application is a continuation in part of application serial No. 08/797,950 filed 
February 12, 1997 (tbe '950 qjplication) and claims priority 6om provisional specification 
5 60/0S5»571 filed August 13, 1997, the subject matt^ of botii the parent application and the 
provisional being incorporated herein by reference. 

f feld of th<? UnYCTtiOB 
This invention relates to switchable optical componraits, particularly ones utilizing 
1 0 guided wave optics and to ones particuiariy adapted for use in wavelength division mutliplexing 
(WDM) systems, including switchable waveguide gratings, particularly ones used for 
switchable add/drop filtering (SADF) and wavelength selective cross-connect (WSXC), to 
designs utilizing coiq>ler-halves or side-polished fibers, to attenuators and other optical grating 
contpoiKnts utilizing very small poiod optical gnding elonents, to other wavelength selective 
1 5 or wavelet^ iudqpendent conqnnents, to devices using such components, to methods for the 
fabrication of sixh components and devices, and to integrated structures for such devices. 

Backgronnd of the Invention 

Because of their very large bandwidth capacity, optical signals are being increasingly 
20 utilized for die transmission of data. Further, the bandwidth capacity of a given fiber optic 
cable can be finther inaieased by transporting a multiplicity of independent signals within a 
single fiber on separate channels at slightly different wavelengths, a technique known as 
wavelength division multiplexing (WDM). Thus, for exanq)le, a nominally ISSO nm fiber 
optics signal might comprise four, eight, 64, 80 or more channels, each separated by for 
25 example sqyproximately 0.8 nm (coiresponding to 100 GHz) or z^proximately L6 nm 
(corresponding to 200 GHz). Multiwaveloigth operation facilitates an increasingly important 
advantage of optical transport and switching which is that several non-interacting signals may 
pass through the switch simultaneously, whidi signals convey entirely incompatible data rates, 
encodings and protocols in parallel without compromising one another. However, for such 
30 signals to be usefiil, it must be possible to wavelength selectively switch the optical signals 
coining in on an optical fiber, bus (or other optical conduit) to a fiber/conduit leading to a 
desured drop/destination, to wavelength selectively add signals finom a drop to the bus or to 

SUBSTITUTE SHEET (RULE 26) 
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wavel«gth selectively transfer signals between fibers or other optical conduits. The first two 
fiinctiot^ are sometimes referred to as switdiable add/drop filtering (SADF) and the last 
fimction is sometimes called wavelength selective cross-connect (WSXC). In other 
applications, switching the eoArt fiber signal, inclusive of all wavelength channels, is required 

5 (such switching sometimes being denoted as "space switching"). In complex fiber optic 
structures such as those used in the telecommunications industry and for sensor and computer 
data networks, lig^t signals must be efficiently routed or switched from an array of N inconfiing 
optical fibers, which fibers may be single mode or multimode, to an array of M outgoing optical 
fibers. Such a qiace switch wiUsom^ime be referred to haeinafier as an 

10 connect. 

While a number oftechniques have been proposed over the years for performmg NXM 
switching optically, none of these techniques have proved to meet all requirements 
simultaneously. This is partly due to the varied architectures are required for such 
switdies. Forexample, an N fiber in, N Fiber out (hlXhO switch that m^eadi incoming fiber 

15 optical signal to one and only one fiber output is termed an NXN cross-connect It is 
nonblocldng if any connection is possible, without regard to earlier established connections. 
For some applications, reconfigurably nonblocking switches are sufficient In other 
applications, switdies that multica^ or broadcast, sending one incoming sigiud to morc than one 
output, or tiiat perform other variant functions, are required. The data capacity demands on 

20 fibCT optic networks are also becoming more complex, imposing a requirement that switching 
technologies be scalable so as to be extendable in a straight forward manner from small 
switdies (for ocample 2x2 or 4x4 to larger switches such as 64x64, 1024x1024, and beyond). 
It is also desirable that such switdies be integrable such that individual miniaturized switching 
elemrats can be combined with many others on a single chip or substrate to provide a lai^er 

25 NXN or NXM ^oss-connect structure. However, designing such structures, particularly for 
largo: switdies, is very complex even for single diannel operation, and the complexity increases 
dramatically for multichannel WDM operation (i.e., wavelength selective smtching with an 
NxMxm switch, where m is the number of WDM channels). 

Another lequiremast for optical switches of the type described above in particular, and 

30 for optical components and structures in genial, is that they efficiently int^ace with optical 
fibers, the use of which to transport high bandwidth signals over long distances is increasingly 
prevalent, in a manner so as to minimize coupling losses. Other key performance parameters 
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include mmimizing insertion loss, crosstalk and polarization s^isitivity, insuring good optical 
isolation in all switch states, good spectral bandwidtii, and good dynamic range for on/oif 
contrast ratio. Low operating power, high switching speed, low power consumption, stability, 
long service life/temperatuie insensitivity and high reliability are also important However, for 

5 many network reconfiguntion and protection switching functions, switching speeds in the range 
of 1 microsecond to 1 millisecond are adequate and sufficient. 

Further, in the present state of the art, neither space switching, nor wavelength selective 
sv^tching techniques, are entirely satisfactory. One reason for this is that the various network 
control and reconfiguration functions required have generally been met by different and 

10 incompatible technologies. Optical netwoiic systems would be considerably advanced, in 
efficioicy, maniifacturability and cost, if several disparate network control functions could be 
implemented on the basis of a single underlying technology. 

AU-optical switching is increasingly regarded as essmtial for fi^^ Because 
satisfactory products for perfonning such optical switching have not existed, it has therefor been 

1 5 necessary to convert optical signals to be switched into electrical signals for switehing and to 
thai reconvert the signals to optical signals for outputting. This technique can be expensive, 
time consummg, iiiq)ose bandwidth limitations on the system and introduce several sources of 
potential error. It can also limit the flexibility of the system and is gmerally not an efficient 
way to operate. 

20 In addition to the switching applications discussed above, tiiere are numerous 

applications where a need exists to be able to change the direction in which an optical signal is 
passing through a waveguide, dynamically filter an optical signal, particularly a 
multiwavelength or multichannel signal, so as to selectively add, drop, pass or block various 
of the individual wavelengths or channels (or the entire signal), to selectively attenuate an 

25 optical signal, including one or more signals of a multiwavelength or multichannel line, to 
selectively orossconiiect optical paths inchidiiig multidiaimel or multiwavelength optical paths 
to facilitate the transfer of one or more channels tho^^tween, and/or to selectively couple the 
multiwavelCTgths or multichaimels along optical paths out of the plane of the waveguide. It 
should be possible to perform all of tiiese functions utilizing optical components and/or 

30 structures ^^ch are relatively easy and ine3q)eiisive to fefaricate. In particular, it would be 
desirable if &brication techniques cotdd be provided which would permit complex optical 
networks to be &hricated utilizing a parallel, simultaneous, one-shot febrication techniques that 



wo 99/09440 PCr/US98/16736 

-4- 

incorporates a multiplicity of functionalities on a single chip for the implraientation of space 
switdung, wavelength selective switching, switdiable add-diop filtering, wavelength selective 
cix>ss-connect switching, tog^er with such additional functions as programmable attenuation, 
all on a single chip and using a single material technology rather than requiring each 
5 component to be separately fabricated. 

Definitions 

In the following sections, various terms will be used, whidi tmos should be considered 
to have the following definitions: 

10 "Bragg gratings or gratiiigs" are pmodic structures formed by spatially varying 

refractive index distributions or similar perturbations throughout a defined 
vohmie or the boundaiyofa guiding region. Simple Bragg giratings are periodic 
in one dimosion. More complex difGractive structures, which for purposes of 
this invention will also be enconqpassed witiiin this definition, may be volume 

1 5 holc^rams, diffiactive lenses, or other computer gmorated or optically recorded 

diffiactive index distributions, in most cases penneatir^ a substantially three- 
dimensional volume, designed and &bricated for purposes of coiqpling an 
inddent laser or other light beam or a lig^t beam received through guided wave 
optics into a desued output state or mode eifhcr one guided mode to another 

20 guided mode, a guided mode to a free space mode or vice versa. 

"Switchable gratings or switchable Bragg gratings" are volumetric gratings 
whose grating period index variation can be modulated, induced or caused to 
vanish by application of an electric field. Iliese differ from standard gratings 

25 which are not switchable. This definition does not imply altering the period of 

the grating, but only the amplitude of the spatially varying index variation. A 
switchable grating, in the simplest example, may be described as a grating 
elonoit, that, in its switdhed-on state, has filtering or oth^ diffiactive properties 
comparable to a high quality conventional fiber or waveguide Bragg grating, of 

30 either the transmission or reflection type, and in its switched-ofif state, 

effectively vanishes to be replaced with a low loss waveguide or volume of 
transparent optical material. 
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Until rec«t!y , few mechanism were available for switchable Bragg gratings. Certain 
semiconductor gratings can be switched, but only in limited geometrical configurations, and the 
dynamic range for control of the spatial index modulation is relatively small. Liquid crystal 
gratings, usually formed by physically structured electrodes, may be switchable, but are 
S primarily relevant to free qsace none-vohmietric gratings, are excessively scattering for use with 
fiber optic signals and are relatively slow, switching being in the millisecond range. All manner 
of switchable gratings that involve the use of structured electrodes to produce the spatial 
periodicity, such as magneto-optic materials and lithium niobate materials, are limited in their 
application in that the spatial period and depth of grating are dependent on the lithographic 
10 processes of fabricating electrode pattams. Such structured electrode gratings are not practical 
at spatial periodicities much less than one micrometer, vMch smaller periods are essential in 
various fiber optic applications, and also do not tend to produce volumetric (Bragg) gratings 
since the electrode periods cannot penetote unlimited volumes. 

^ologrq>hic polymo-/ dispersed liqmd crystals or H-PDLC** are any 
15 microdroplet composite of liquid crystal (LC) in polymers or other 

morphological variants including polymer networics with interpenetrating LC. 
This fionily of switchable gratings is based on microdropl^ dispersions of liquid 
crystals in a polymer host, the volume gratings containing periodic structures 
with periods as small as 200 nanometers or less which are achieved by 
20 holographic recording and photopolymerization processes. The switching of 

such gratings is achieved by flying an electrical field by means of a uniform, 
monolithic electrode to the entire grating region, as opposed to producing the 
grating by patterning the electrodes. Examples of H-PDLC include, but are in 
no way restricted to, the following: 

25 

1 . R. L. Sutheriand, L. V. Natarajan, V. P. Tondiglia, T. J. Bunning, Bragg 
Gratings in an Acrylate Polymer Consisting of Periodic Polymer-Dispersed 
LiquidrCryslal Planes, Chem. of Materials, 1993, 5, 1533.38. 

30 2. R. L.Sudierland,L.V.Nalai^an,V. P. Tondiglia, T. J. Bunning and W 

W. Adams, Development of Photopolymer/Liquid Crystal composite Materials 
for Dynamic Hologram Applications, Proc. SPOE Vol. 2152, paper 38. 
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3. V. P. Tondiglia, L. V. Natar^an, R. L. SuOieiiand, T. J. Biuming and W. 
W. Adams, Volumn holographic image storage and electro-optic readout in a 
polymer dispersed liquid crystal fibn. Opt Lett. v. 20» p. 1325, 1995. 

4. R. L. Sutherland, L. V. Natanyan, V. P. Tondiglia, T. J. Bunning and W. 
W. Adams, Svvitchable holognuns in a new photopolymer-liquid crystal 
composite, Proc. SPIE, Vol. 2404, p. 132, 1995. 

5. R. L. Sutherland, L. V. Natarajan, V. P. Tondiglia, T. J. Bunning and W. 
W. Adams, Electrically switchable volumn gratings in PDLC, AppL Phys. Lett., 
Vol. 64, p. 1074,1994. 

6. U. S. Patent 4,938,568. July 3, 1990. John D. Margerum, et al. 

7. U. S. Patent 5,096,282. March 17, 1992, John D. Margerum, et al. 

8. A. Golemme, B.L. Volodin, B. Kippelm, and N. Peyghambarian, 
Photorefiactive Polymer-Dispersed Liquid Crystals, Optics Lettm, Vol. 22, No. 
16, p. 1226-1228, August 15, 1997. 

9. Keiji Tanaka, Kinya Kato, Shinjui Tsuru, and Shigenobu Sakai, 
Holographically Formed Liquid-Crystal/polymer Device for Reflective Color 
Display, Journal of the SID, Vol 2, No. 1, p. 37^0, 1994. 

10. Emily W. Nelson, Adrian D. Williams, Gregory P. Crawford, Louis D. 
Silverstein, and Thomas G. Fiske, Full-Color Reflective Di^lays, IS&Ps 50th 
Annual Conference, p. 669-673. 

11. G. Crawford and S. Zumor, Liquid Crystals in Complex Geometries Formed by 
Polymer and Porous Networics, Taylor and Francis, 1996, LondorL 
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'^ecttonicaUy switdbableBi^giatiiigorCE^ any of an extensive rai^e 
of devices and device geometries realized utilizing the H-PDLC materials 
technology. 

5 Sff mmaiY of thft jdrnvCTtiftw 

In accordance wifh fbe above, this invention provides a component for selectively 
reconfiguring an optical signal on a guided wave optical path which path may for example be 
a waveguide formed in a composite optical structure. The component includes at least one 
ESBG in optical contact with tfie iKtth, and electrodes for selectively £q[)plying at least a first and 

10 a second voltage across the ESBG, there being no chaiige in the optical signal for the path w 
the first voltages is across the ESBG and there being a selected change in the optical signal on 
the path when the second voltage is across the ESBG. Where the optical signal is a 
multichannel WDM signal, a selected channel may be dropped horn the padi ^en the second 
voltage is across the ESBG, the dropping occurring either by the channel being reflected back 

15 through the path or being dropped/outcoupled fiom the path through the ESBG. 

The component may include a second guided wave optical path which is optically 
coupled to the ESBG, with at least one selected chaxmel bdng transferred between the paths 
when the second voltage is across die ESBG. In particular, a channel may be either dropped 
or added to die optical padi by being transfened between the optical path aiid 

20 path through die ESBG when the ESBG has a second voltage thereacross. Where WDM signals 
sqqiear on both paths, VfSXC transfer of at least a selected channel may be performed between 
the paths vAien a second voltage is across the ESBG. 

A plurality of ESBGs or ESBG components may be optically coupled to both paths, 
with a different channel being transferred between the paths by each ESBG when the second 

25 voltage is thereacross. For some embodimoit of the invention, there is an ESBG in optical 
contact with each of the paths and at least one optical path intercoimecting the ESBGs, there 
being two optical paths intercoimecting the ESBGs to form a ring for a generally preferred 
onbodiment One of the rings may be provided between the paths for each WDM channel to 
be transferred between the paths. The two signal-carrying optical paths preferably have the 

30 same first effective index, with die optical paths of the rings having a second effective index 
different fiom that of the first index, the different effective indices being achieved for example 
by having the optical padis of the riiig of diffoient size than that o 

SUBSimiTE SHEET (RULE 26) 
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The optical paths may also have different indices which may be accomplished for 
example by having the optical paths be of different size. The difference in the indices of the 
g^ratings is preferably greater than or equal to the index contrast An of the ESBG grating. 

Rather than being int^rated optics, die componrat may also be a switchable coupler 

S half device, for example a switchable drop filter, a SAvitchable outcoiq)ler, or a switchable 
attenuator. For such an attenuator, the ESBG has a submicron grating. 

The ESBG may also be part of a resonator. When the resonator is being used in a 
channel drop filter, the component includes a first drop resonator and second reflector resonator 
^aced fi^m each other in die direction of travel of the optical signal on the optical path by an 

10 integer number of wavelengths of a wavelength to be dropped, plus a half wavelength. Each 
resonator may also be a muhipole resomdor formed of resonator sections vAdch are either series 
coupled or parallel coupled. The resonator component may also be a guide channel dropping 
filter with the resonator being betwem die optical paths. The resonator may also be a split 
resonator having a phase delay section between the split resonator sections. 

15 Where thoe are two M^eguides or optical paths, the ESBG may be in the cladding for 

both optical paths which claddings overlap. Where the claddings of the two optical paths do 
not overiq), the ESBG may extend over or overiie bodi optical paths to affect interconnection. 
For any compoi^nt involving two optical paths, sidelobes may be suppressed by apodization. 
As previously indicated, all of the above are preferably effected through use of mtegrated optics 

20 technology except for the half coupler embodiments. 

For half coupler embodiments, an optical fiber havmg a core with cladding thereaiound 
is provided, the core having an index n t , the cladding having an index n2, and the effective ind^ 
of the fiber being n^ the cladding being at least partially removed in a selected region. An 
ESBG is mounted to the fiber in the region, the ESBG having an index 1% when in a first state, 

25 where ne is substantially equal to n2. Electrical elements including electrodes are also provided 
for selectively applying a voltage across the ESBG, the effect which the ESBG has on light 
q)plied to the ESBG varying as the voltage thereacross changes, thereby changing the state of 
the ESBG. li^t applied to the optical fiber is aibstantially unaffected by the ESBG when the 
ESBG is in its fir^ state, this for example occurring when die mechanism applies substantially 

30 no volts^e across the ESBG. Variation in Ub as a result of voltage changes across the ESBG 
may result in selective attenuation of light applied to the fiber, particularly if the ESBG has a 
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grating with a subwavelengtfa. Such attmuadon is generally substactiaUy independent of 
Avaveloigth. 

The ESBG may cause light at one or more selective wavelengths to be coiqpled through 
the ESBG in at least one direc^on to or fiom the fiber as the voltage across the ESBG is varied 

5 irom the voltage causing the ESBG to be in its first state. The ESBG grating may also have a 
period which causes hght at one or more selected wavelengths to be reflected back along the 
fiber, thereby filtering such one or more selected wavelengths fiom light propagating in the 
fiber. Two of the fibers may be provided, wiA the regions of the fibers having cladding remove 
being adjacmt and with an ESBG being mounted between the fibers in both regions. For this 

10 configuration, all light on one of the fibers passes unchanged through the ESBG to the other 
fiber vfhm the ESBG has a selected index. When the fibers have substantially the same index, 
a light applied to one of the Sb&s is transfmed through the ESBG to the oAxer fiber ^en the 
ESBG is in its first state. When the ESBG is in a second state as a result of a voltage applied 
thereacross, light of at least one selected waveloigth det^mined by the period of the grating is 

15 blocked fix>m passing through the ESBG, such light continumg to propagate on the original 
fiber. The Sbas may also have different indices in v4iich case, for at least one wavelength of 
a multiwave light signal for whidi the condition 27c/A=prP'i is satisfied, where A is the period 
of the grating and fi^ fi\ are the propagation constants for tiie two fibers respectively, there is 
co\q)ling between the fibers only for such wavelength. Where the fibers have different indices, 

20 it is preferable that the difference in their effective index be greater than or equal to the index 
contrast An of the ESBG grating. 

Hie invention also includes providing an ESBG having a subwavelength grating, which 
grating may have a period substantiaUy less dian 0.5 (im. Such a subwavelength grating may 
be obtained by exposing a H-PDLC film by one of (a) exposing the film with two interfering 

25 light beams of suitable wavelragth, the half angle 8 between tfie beams being large enough so 
that sin6=X/2A, where X is the center wavelength of a light signal with which the ESBG is to 
be utilized; (b) exposing tiie film through a suitable binary phase mask; (c) exposing the film 
through a master grating. 

Integrated optical networks each having a plurality of nodes, with at least one ESBG 

30 formed at each node, may be formed by fonning selected optical waveguides in a suitable 
substrata at least selected ones of the wav^uides passing through selected ones of the nodes, 
forming an ESBG with electrodes at each node and covering the waveguides and ESBGs. The 
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ESBGs may be formed by fcmximg an electrode film and a H-PDLC film at each node, and 
exposing the H-PDLC film at each node to form the ESBG grating thereon. The covering of 
the waveguides and ESBGs may be accomplished by forming a second electrode film on a 
cover plate at eadi node and covering the waveguides/H-PDLC film with the coverplate, each 

5 electrode on the coverplate overlying the H-PDLC film for the corresponding node. The 
exposing of the H-PDLC film may be accomplished by one of (a) exposing each H-PDLC film 
with two interfering light beams of suitable wavelragths, the beams being at a selected angle 
to each other; (b) e3qx>sing all die films simultaneously through a suitable binary phase mask; 
(c) and exposing each of the films through a suitable mask. Selected optical waveguides may 

10 also be formed in a first substrate and in a second substrate, which substrates are moimted 
adjacent each other during the covering step, the waveguides on the two substrates intersecting 
at at least selected nodes. For this embodiment, a H-PDLC film, with ESBG gratings formed 
therein at the nodes, is either fomied on one of tfie substrates or indq)endently formed and 
mounted b^wera the substrates. An electrode fifan may be formed on each substrate on a 

1 5 waveguide at each node. 

Finally, the invention includes an integrated optical network having N guided wave 
optical inputs and M guided wave optical outputs, the netwoik including an optical wavegmde 
connected to eadi iiq>ut and to each output, the wavegui(tes intersecting at nodes, and an ES BG 
switch component at each node which is operative to eid^r pass an optical signal on one 

20 waveguide intersecting at the node on die waveguide or to transfer at least a portion of such 
optical signal to the other waveguide int0:secting at the node, depending on the state of the 
ESBG. For WDM signals, an ESBG switch component may be provided at each node for each 
wavelength to be transferred at the node. For preferred ^bodiments, all the waveguides have 
substantially the same index ni, the ESBG switch componoit at each node includes an ESBG 

25 having a grating with an index An in optical contact with each waveguide and at least one 
waveguide int^connecting the ESBGs, the waveguide connecting the ESBGs having an index 
wtere npi^^An. 

The foregoing and ottier objects, features and advantages of the inventions will be 
frpparent fix)m the foUowing more particular description of preferred embodiments of the 
30 invrations as illustrated in the acconq>anying drawings. 



wo 99/09440 PCTA;S9S/16736 

-11- 

Figs, la and lb are schemadc tepiesentatioiis of a waveguide with an ESBG in the core 
region and cladding regicm respectively. 

Figs. 2a and 2b are schematic representations of a transmission ESBG in the off-state 
5 and on-state respectively. 

Fig. 3a and 3b are schematic representations of a reflection ESBG in the off-state and 
on-state respectively. 

Fig. 4a and 4b are schematic rqnesaitation of a single switcbable waveguide component 
in the on-state and ofF-state respectively. 
10 Fig. Sa is a schematic representation of a switchable add/drop single channel filter in 

accordance with the teachings of this invention. 

Fig. 5b is a schematic representation of the various coupling modes which potentially 
exist in the fiho* of Fig. 5a. 

Fig. 5c are gn^hs illustrating optical performance at various ports for the filter of Fig. 
15 5 a without qxxlization and Fig. 5d are gn^hs of the p^oimance at these port with apodization . 

Fig. 5e is a sdimatic representation of an integrated planar four-channel anay filter 
utilizing the componrats of Fig. 5a, 

Fig. 5f is a sdiematic representation of an integrated optics crossconnect switch. 

Fig. 6a and 6b are sdimatic leprcseotations ilhistrating two embodimoits for crosspoint 
20 switches in accordance with the teachings of this invention. 

Fig. 7a is a graph comparing the filter response of the crossconnect shown in Fig. 6a 
with the filter of Fig. 5a. 

Fig. 7b is a graph showing details of the tiiroughput response for the crossconnect of 

Fig. 6a. 

25 Fig. 7c and 7d are graphs illustrating ^ical optical responses for the crossconnect 

shown in Fig. 6b. 

Figs. 8a and Sb are schematic representations of illustrative ax>ssconnect arrays between 
multiple waveguides for multq>le wavelengths utilizing the crossconnect elements of Fig. 6b. 

Fig. 9 is a schematic representation of an ESBG being used as part of a resonator. 
30 Fig. 10a is a schematic representation of a resonator embodiment for a channel drop 

filter. 
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Figs. 10b and 10c are examples of such filter employing higha: order coupled 
resonators. 

Figs. lOd-lOf are schematic representations for three guide-channel dropping filters 
employing resonators in accordance with the teachings of this invmtion. 
5 Fig. 1 1 is a graph of an illustrative response for a matched bus resonator of the type 

shown in Fig. 10a, 

Figs. 12a-12e illustrate a method for the fabrication of an integrated array in accordance 
with the teachings of this invention. 

Figs. 1 3a and 1 3b illustrate an alternative fabrication technique for integrated arrays in 
1 0 accordance vnth the teachings of this invention. 

Fig, 14a is a schematic representation of a coupler half device in accordance with the 
teachings of this invention and Fig. 14b is a chart of indices and dimensions for various 
conqx>nentsoffor device ofthe type shown in Fig. 14a. 

Figs. 14c and 14d are sectional views along the line c-c in Fig. 14a with the electrode 
15 on top and bottom of the ESBG and on the sides of the ESBG respectively. 

Fig. IS is a schematic representation of a switchable Bragg filter employing a coupler 
half device in accordance with the teachings of this invention. 

Fig. 16 is a schematic representation of a method for &bricating a device of the type 
shown in Fig. IS. 

20 Fig. 1 7 is a schematic representation of a switchable outcoiq>ler utilizing coupler half 

technology in accordance with the teachings of this invention. 

Fig. 18 is a schematic representation of a tunable attenuator utilizing coupler half 
technology in accordance with the teachings of this invention. 

Fig. 19a is a graph showing the optical power traiismitteddirough the fiber as a fim^^ 
25 of electro-optically altered ESBG index for two different polarizations and Fig. 1 9b is a chart 
illustrating the power transmitted as a function of wavelength for three levels of attenuation. 

Fig. 20 is a sdiematic rqiresentation of a channel add/drop crossconnect device utilizing 
half couplor technology in accordance with the teachings of this invention. 

Fig. 21 is a schematic representation of a 2x2 space switch utilizing half coi^ler and 
30 ESBG technology. 

Figs. 22a and 22b are schmiatic r^resentations of a grating assisted coupler between 
two fib^s. 
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Fig. 22c is a grajA illustrating perfonnance for the coupler of Figs. 22a, 22b. 



IHtailgdPmriiption 

The *9S0 application teaches a variety of free space, waveguide and fiber optic 
5 components utilizing ESBG tedmology to perform various switchii^, reflection, filtering, 
routing and other functions for optical signals on single wavelength or multiwavelength lines. 
Bragg grating$ may be classified as freespace or waveguide gratings, and within each category 
as transmission or reflection gratings. ESBGs corresponding to each such type converting each 
to a switchable form. As illustrated in Fig. 1 A, an ESBG 12 may be located in the core or 
ID guiding region 14 of a planar waveguide or, as illustrated in Fig. IB, the ESBG 12 may be in 
the evanescent or cladding region 16 thoeof. As was indicated in the *950 application, ESBGs 
may be utilized to perform a variety of functions; however, these functions may be generally 
characterized as transmis^on or reflection functions. Since the deshable characteristics and 
appropriate designs of ESBGs when used for transmission are different than vfhen used for 
15 reflection, the ESBGs employed for these functions are also somewhat different in their 
geometry, matmals inoperties, periods, magnitude of spatial index modulations, and other 
parameters. 

In particular, transmission gratings are used for the spatial diversion of beams into an 
altmiative path, primarily without discrimination as to wavelength channel, and are therefore 

20 useful for 2x2 space switches, including free space, optical fiber and planar waveguide 2x2 
space switches. (Jhe terni "space switches" should not be confused with "free space switches." 
Space switching m^ns divmion of the path of an entire beam or guided wave. Free space 
propagation refers to unguided light beams.) Since this application relates mostly to guided 
waves in waveguides and/or optical fibers rather than free space switching, free space 2x2 

25 switches wiU not be discussed further, the discussion below relating almost entirely to gxiided 
wave structures. 

Transmission Gratings 

For transmission graitings, the difB:action efBciency at the Bragg matched angle and 
30 wavelengdi is given by die £q>praximate formula 

d.e. =smH[An L/k cosQ] Eq. (1) 
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where 6 is fhe Bragg angle. A, is the wavelragth, L is the interaction length, and An is the 
magnitude of the spatial mdex modulation, vAdch can be controlled over a wide range, 
(approximately AnsO.OOl -O.OS) by varyiiig the formulation and processing of the H-PDLC, this 
being one of fhe advantages of this material system for ESBGs. 

5 Conqalete difi&actton means that de.^"! , or An L / X cos 6=1/2. (Although the principle 

remains valid, this formula varies significantly when describing coupling within a single mode 
waveguide, and should be further modified deprading on whether the grating is in the core or 
overlay region, but as a general rule it shows the essential dependencies on basic parameters.) 
For beam stemng efficiency, it is desirable for An in a transmission grating to be relatively 

1 0 large, for example 2-5%, and thereby for L to be small, for example - 50 ^ml. In such a grating, 
the waveloigth dependence of the coiq}ling is relatively weak, since a 1% change in k would 
cause only about a 1 % change in coupling strength. 

The Qrientation of an ESBG 1 2 having a transmission grating and its electrodes 20 are 
indicated in Figs. 2a and 2b; the Bragg planes are as indicated, with tfie grating vector 22 

IS apim>xiniatelytraiisverse to the direction of the incident beams 24. The grating vector is a term 
of art for a vector perpendicular to the planes of the grating, whose l«gth or magnitude is 
inversely proportional to the spacing of the planes. In Figs. 2a and 2b, tte grating vector is in 
the "y " <lu^<^^ While Figs. 2a and 2b ilhistrate in the shnplest case a fi:ee space traii^ 
gratings, it should also be understood that similar structures may be placed in guided wave, 

20 confined regions. 

Looking fiuther at Figs. 2a and 2b and the ellipsoidal "footballs" 26 of liquid crystal 
microdroplets illustrated as being distributed witfiin the Bragg planes of the ESBG film, it can 
be SGcn that in order to effectively reorient the hquid crystal molecules within each droplet, and 
to apply the voltage across tiie shortest possible distance to produce the largest possible field, 

25 then in the ftee-space case, only one choice for for electrode positions is available with respect 
to the substantially planar structure shown. Viewing the devices fix>m above the planar 
structure, the electrodes must be on the "fix>nt and back" of the grating (considering the side 
where lig^t enters to be the firont). However, for transmission gratii^ in a waveguide 
geom^ry , ^lere fhe three dim^ions of die gradng volume may be approximately comparable, 

30 additional choices are available, and the electrodes may be SQiplied as desoibed above or else 
to the top and bottom (or right sideAefi side). Although either of these geometries can be 
consi<kred useful in princq)le, in the case of waveguide gratings;, the substantially planar 
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Structure and thirmess of the films dictate that the top-bottom electrode placement is normally 
the practical choice. (For nonplanar, fiee space plications in vMch the ESBG is not a thin 
film substantially parallel to Ae propagation of the light, but rather a thin fifan normal to the 
propagation of the light, dAicr choice would be viable, with the choice in specific applications 
5 depending on the birefiingence of die liquid crystals and their index relationships to the other 
components.) 

The physical locus of a transmission grating containing ESBG within the planar device 
may be in either the core region 14 or the overlay (also known as the cladding or evanescent) 
region 1 6, as shown in Figs 1 a and 1 b. The interaction with the grating is stronger in the former 

10 case, but losses may be substantially reduced in the latter case. A choice between these 
alternative designs may be dictated for specific devices based on numerical modeling and 
computer simulations which predict p^ormance to a high degree of accuracy, including 
estimates of losses, and allow equation of relative advantages of alternative fabrication paths. 
In general however, it may be consido^d that both geometries are available for use with H- 

15 PDLC based ESBGs and for maiqr purposes iiiay be fimctioiiaUy equivalent. Notwithstanding 
this fiuictional equivalence, the overlay geometry provides relative ease of fiibrication, together 
with advantages of using continuous, low-loss waveguides optical fibers; however, for many 
plications flie core geometry provides superior ov^all performance. 



20 Reflection Gratings 

ESBGs 12 containing reflection gratings in a planar, waveguide context are produced 
so that die oriartation of the Bragg planes is as indicated in Figs. 3a and 3b, thereby reflecting 
part of the propagating wave into the backward direction, with the center of wavelength band 
reflected determined according to the formula k- 2n^A^ v*ere n^ff is the efifective mode index 

25 of the fihn and A is the physical period of the grating. In reflection gratings, it is desirable to 
emphasize the wavelmgth selective properties because the primary application is switchable 
wavelength filtering for WDM channel discrimination. The spectral width of the reflection 
notch must be calculated using known mathraiatical models of waveguide design, but is 
approximately 

30 . 

Eq.(2) 
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Jn this case, unlike the transmission grating, it is desired that An/n be as generally small, 0.1% 
or less, and L should be as long as possible, up to 2000-3000 \im. In the art of H-PDLC 
chemistry, this can be accomplished by adjusting downward the amount of liquid crystal 
contained in the pie-ESBG soludon or otherwise altering the chemical formulation and varying 
5 processing conditions accordingly. The reflectivity of a reflection grating exactly at tte center 
wavelength is approximately 

ReflectMty^l -4e«-<^">t^^» Eq. (3) 

>^ch is desired to be nearly -1 . This can be accomplished even if An/ n is small (about 0.001) 
provided L/A is large (about 4000), 

]0 Thus wh^-eas transmission gratings for space switching (beam steering or coplanar 

coupling) are optimized when L is small ami An is large (\^ch for educative purposes may be 
informally desmbed as a "short, fex grating), "reflection gratings for wavelength filtering are 
optimized vibm L is long and An is small (long, sidnny grating. A major advantage of the H- 
PDLC materials femily underlying ESBGs is the ability to accommodate both of these 

15 requirements within one fiunily of devices, and even applying this variation to several elements 
on one device substrate, by altering formulation and processing over a range not possible with 
other materials fiimily, and therefore to be able to combine these two disparate classes of 
elements within one manufacturing process, on one substrate. This range of possibility does 
not exist, for example, widi semiconductor gratings illustrating the muhifuncdonality disclosed 

20 herein with respect to ESBGs. 

A fijTthCT distinction betwera transmission and reflection gratings may be seen in Figs. 
2a - 3b in tern^ of electrode placement The grating vector 22 in a reflection grating is located 
substantially coUinearly with the forward and backward propagating light (i.e. in the "x" 
direction), a coii4)letely diflerent direction than for transmission gratings where the grating 

25 vector is in the "y" direction. The aspherical microdroplets 26 ('Tootballs of liquid crystals") 
witfaiii the ESBG 12 are always oriented parallel to tte gradng vector; thus the microdroplets 
for reflection gratings are elongated in the same direction as the light propagation (unlike the 
transmission grating, vdiere the elongation was substantially perpendicular to the direction of 
light propagation). Consida:ation of the liquid crystal footballs" and the oriratation of the LC 

30 molecules within tfami shows that in order for the electric field to be effective in reorienting 
them, the electrodes for a reflection grating can only be placed on the top and bottom of the 



wo 99/09440 PCTAJS98/16736 

-17- 

srratins or n n the jddes nf th e ctatin?. To nfitimiTi*. the effect nf the elertrir. .<dansi1 . the elertrnHe*! 



y 



wo 99/09440 PCTAJS98/16736 

-18- 

rranoval of an appropriate electrical field, which difference does not substantially alter the 
described optical functionality. 

Also, it is higjily desirable in certain of these structures to provide a H-PDLC 
formulation tfiat results, after exposure and processing, in an average index n that varies (over 

5 the same range resulting fiom application of an electric field) over the typical single mode 
dielectric core/cladding range of 1.48/1.46, in order to coiq)le to optical fibers, in order to 
interact with optical fibers in coupler-half based devices, or otherwise to index match desirable 
silicon dioxide (silica) claddings such as may be formed on silicon substrates by known 
methods of deposition. However, in other devices ^ere direct contact with silica or optical 

10 fibers is not contemplated, higher index H-PDLC in the range of N=] .53 or higher, may be 
utilized, this being a range for coupling and inter&cing with other polymer waveguides. 

Switdiable wanreguide grating. 

Fig. 4a and 4b illustrate the waveguide Bragg grating which is the basic building block 

15 of all the planar designs hereafter to be considoed. This simple ESBG, connected as a 
transmission gniling in an int^rated structure, has a bus or waveguide 3 1 , only the core 1 2 of 
which is shown, embedded in a substrate 33 of for example silicon, and has an ESBG 12 
formed in or mounted to its core. An electric signal is applied to the ESBG through electrodes 
35. Fig. 4b Ulustrates the situation when no voltage is applied to the ESBG, resulting in the 

20 ESBG having an index fi^ of spatial periodic variations, which substantiaUy matches that of 
the waveguide, so that all channels of a WDM signal applied to waveguide 3 1 passes through 
waveguide 3 1 without diange. In Fig. 4a, vAiea a suitable voltage is applied to ESBG 12, the 
grating akors the effective index of the waveguide for at least one wavelength of the incoming 
signal, illustrated as in Fig. 4a, causing this signal to be reflected or dropped from the 

25 transmission at the ESBG, while the remaining channels of the incoming signal pass 
undisturt)ed. The channel or wavelength which is reflected or dropped will vary as a ftuiction 
of the period A of the ESBG grating. 

The fabrication process for such an ESBG generally involves dq)ositing the grating 
upon a silicon micro-<^ticaI structure using one of several processes. On such process of 

30 &brication involves depositing a H-PDLC liquid precursor solution by application onto silicon 
that contains a relief groove or V groove, and i^ch has been fiirdier prepared by oxidation to 
form a silicon dioxide optical cladding for the wav^yide. Lower electrodes may also have 



WO99/D9440 PCr/US98/16736 

-19- 

been deposited on the silicon, or else the silicon itself, conductively doped, may serve as the 
common loiwer electrode. The H-PDLC is then polymerized by holographic lithography using 
' interfering laser beams (\^ose wavelength may be visible or UV depending vipon the chemistry 
of tfie chosen H-PDLC variant), or else by a single laser beam together with a binary phase 

5 mask, as is known in the art of fiber Bragg gratings. Following polymerization, a mask and 
etching process removes the H-PDLC fix)m all regions not constituting the ESBG section. The 
passive wavegidding sections are then filled in by spincoating with a second, passive polymer, 
index matched to the H-PDLC. 

Wheneas this process is useful for H-PDLC v4iose index nearly matches and is slightly 

10 greater than silicon dioxide (Ns=1.44), a different process is ^propriate for H-PDLC 
formulations whose index may be higher, such as 1 .53. In this case, after application of a lower 
conductive electrode, the cladding should also be an qjpropriate polymer of slightly lower 
index. In this process alternative, the silicon forms a mechanical planar substrate without 
grooves. Sevoial polymer fibns may be dqx>sited sequmtially, fitrst a cladding layer, followed 

15 by H-PDLC layer, foUowed by masking and tbm by holographic polymerization to form the 
grating. Etching is then performed to form a ridge waveguide, followed by spincoating an 
upp^ cladding layer, and masking and depositing an iqqper electrode r^on formed by metallic 
or transparent conducting film. 

In all the designs for integrated optical circuits to follow, a multiplicity of ESBGs are 

20 formed simultaneously simply by extending the above processes to masks represmting the 
required number of ESBGs, with the additional possibility that differait H-PDLC formulations, 
different grating periods and orioitations may be applied to various individual elements within 
one substrate and thweby forming an integrated device with subelements of various individual 
properties. However, die inventions herein described are based on optical designs for optimum 

25 use of H-PDLC in ESBGs, and should not be considered to be limited or restricted by a 
particular fabrication process. 

The following sections elaborate on the basic building block desmbed above by 
describing fimctional devices that combine two or more waveguides^ one or more of vMdi may 
be associated with ESBGs. 

30 

Swhchable Add/Drop Filter (SADF) 
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Fig. Sa shows a piefened oonfigmation for a switchable add/drop single channel filter. 
The basic functionality is to control the adding or dropping of a specified channel between for 
example an optical bus and a local or drop waveguide. The input signal (comprising a 
multiplicity of iDdep&adoA wavelength channels) propagates in die bus waveguide fix>m left to 
5 right as drawn; the grating coupled drop channel is transferred to the counterprogagating 
direction (right to left as drawn) in the drop waveguide. 

The bus waveguide and drop waveguide are nonidentical, (i.e., they differ in propagation 
constants) to the degree that no significant synchronous coupling will occur by mere proximity 
of the guides, unless via the mechanism of grating assisted coupling. This nonidenticality may 
1 0 have consequences for packaging the devices, in that butt coupling to single mode optical fibers 
will be relatively more efficient for one of the two waveguides than the other due to mode- 
matching considerations. 

Whm the filter is switdied om of the cin»it by suppressing the spatial in^ 
c(mstituting the grating in the ESBGregioxi, the component is transpaxra Key 
15 performance criteria for telecommunications q)plications include large on/off ratio :^3S dB, 
ban(4>ass characteristics comparable to well-designed fib^ gratings, including apodization for 
siq)i»essed ddelobes, low polarizadon-dq)endent loss, switched-ofif insertion loss <0.3 dB for 
fiheied and adjacent diannels, and either zero power latchability or low power, low drift power- 
on state. 

20 Fig. Sa illustrates a substrate 33 having a pair of waveguides 31a, 31b which are 

separated by distance which is more or less comparable to the width of the cores and within the 
evanescfflt regions of the waveguides. Thus, the evanescent regions of the two waveguides 
overly. For purposes of illustration, an ESBG or grating is shown m or on the core of 
waveguide 31a; however, the ESBG could be in the core of either waveguide or in the 

25 evanescent region therebetween. 

As shown schematically in Fig. 5b, there are a number of coupling mechanisms for light 
which, for purposes of illustration, is ^own as ratering at port 3 on the left side of waveguide 
31b. In the absmce of coiq)ling at a wavelengdi contained m the input, the iiq^ut signal or light 
appearingatport3 will be transmitted throu^ waveguide 31b and will e»^ 1 on 

30 the right hand side of this waveguide. By understanding and computationally evaluating 
various coi^)l]ng mechanisms, the desuable channel add/drop process can be enhanced and 



wo 99/09440 PCTAJS98/16736 

-21- 

undesirable couplings, vAnch would not be affected by switching of the ESBG, can be 
minimized. 

The second coupling mechanism is refened to as die exchange Bragg mechanism and 
will occur for a wavelength d^ermined by the period A of the ESBG grating. In particular, 
5 the grating couples out wavelength channel from the WDM signal on bus 31b and sends it 
in the opposite direction down waveguide 3 1 a toward port 4. The grating period A in order for 
an exchange Bragg coupling to occur for wavelength Xj is determined 

X. 

A = — Eq.(4) 

where n^ is the effective index of waveguide 3 la and is the effective index of waveguide 31b. 
) 0 The effective index of a waveguide is the modal index of the waveguide based on the indexes 
of both its core and cladding regions and the modal field solution. The indexes for both 
waveguides are evaluated at ky The bandwidth of the filter re^nse is given by 

AA = -i^ Eq.(5) 



where k is the coupling coefiicient which can be determined using well-known methods of 
1 5 coupled mode approximation computations, k can be controlled by the grating index contrast 
and, in ESBGs, may be tuned electro-optically. Side lobe responses often occxir outside the 
main channel bandwiddi for exchange Bragg coupling. These can be suppressed by apodizing 
the grating coefficient k in a variety of ways. A sinqple way to apodize k is to increase the 
distance between the two waveguides away from the center of the device as shown in Fig. Sa, 
20 or in other words to curve die ESBG with the center closest to the bus waveguide and the ends 
fiutiieraway. 

In addition to the exdumge Bragg coupling, there is also evanescent and direct Bragg 
coiqiling, both of which can interfere witii and degrade tiieidedq)ec^ Evanescent 
coiq)ling occurs v^ien the modal indices of tiie two waveguides are substantially equal so that 
25 light passes between the two vmeguides m a some^^iat unregulated fashion, residting in the 
drop wavelength, for example ^1 in Fig. Sa, also being ou^nit at port 2 in addition to port 4. 
X2 and A3 may also pass to port 2 as a resuh of this action. This co^^>ling is undesirable 
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because it would not be substantially attraed by switching the ESBG, and therefore would 
contribute to crosstalk. As shown in Fig. Sb, dnect Bragg reflections also degrade the ideal 
spectral response by causing some of the drop or exdiange wavelength, for example A.1 , to be 
reflected in waveguide 31a, for example as a result of the action of ESBG 12. Direct Bragg 

5 coupling can be quite large and cannot be eliminated completely. However, because it is a 
phase-matched process, one way to reduce its impact is to make the phase-matching 
wavelengths for the exchange Bragg and direct Bragg mechanism very different. This is 
accomplished by making the index values for each of &e waveguides 3 1 a, 3 1 b difTmnt In the 
spectral domain, both Bragg mechanisms lead to stop bands. An essential condition to assure 

1 0 diat the coupling mechanisms do not strongly interfere is that the stop bands shoidd not overlap 
in the wavelength domain. For this condition, 

|n^-nJ^|An| Eq.((>) 

where An is the index contrast of the grating, this being the differences in the index spatially 
along the grating when the grating is powered Hie larger the diffemce between the effective 

15 indices of the two waveguides, the less adverse effect direct Bragg will have on filter 
performance and the more ideal 4ie Gha or drop characteristics of the component will be to for 
example drop the desired wavelength from the signal on waveguide 3 lb with minimum loss as 
a result of the transfer. Fortuitously, since evanescmt coupling is also caused by an index 
match between the waveguides, varying the effective index of the two waveguides also 

20 substantially eliminates evanescent coupling. 

Thus, the maximum filter Imdwi dth dqseiHis on the index contrast An of the ESB G and 
on the separation between the two filt^ waveguides. The bandwidth scales linearly with grating 
index contrast For an ESBG sipatial index modulation parameter of An 0.01 , a typical value 
for index contrast, and a waveguide to wav^;uide separation of 1 micrometer, the bandwidth 

25 can be as large as 1 ruB. ThisissufiBdentforWDMqiplications. The bandwidth can be made 
larg^ by linearly diirping the grating poind, or in other words by making sli^t spatial changes 
in the grating period. 

For small enough wavel»gth, die ESBG grating can phase-match radiation modes and 
this leads to power loss. For the exchange-Bragg filters designed in accordance with tiie 
30 forgoing rule that the effective index of the two waveguides differ by at least An, the radiation- 
matching r^ons are those wavelengths which are S nm and smaller than the exchange Bragg 
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center wavelength. For high index ESBGs with an index of about 1.S3, these wavelengths 
would be displaced from the center wavelength by SO nuL The degree of radiation loss can be 
mininiized by putting the grating only on the filter waveguide, and making the filter waveguide 
higher index than the input bus M^veguide. 

5 Fig. Sc shows the simulated optical perfonnance using fabrication parameters as 

follows: bus waveguide width = 8|im, N=1.4492, drop waveguide width = 4jim, N=1.53, 
length = 10mm, grating period = 523 nm, ESBG spatial index modulation = 0.01, minimum 
guide separation = 3\xm. Ports I, 2, 3, 4 refer to the corresponding ports of Fig. 5b. In this 
example, no apodization was ^lied. hi Fig. 5d, the benefits of apodization of the coupling by 

10 the curved interface between the waveguides are shown. 

Based on modeling of this kind, the design shown in Fig. 5a has been found to have 
nearly optimum filter shape, with a box-like drop bandwidth and side lobes suppressed by 
apodization. Also, the device is not highly sensitive to loigtfa, as the spectral req)onse 
remains similar if the l^igth is increased to maximize the dropped pow^ fiaction. Drawbacks 

15 of such a filtor are that a narrower bandwidth requires a longer device, whidi is not true of 
alternative, resonator-type designs to be disclosed below. Also, power is dropped in the 
oppositely propagating direction, and the design requires that the two waveguides by 
mismatched (i.e., that dieir propagation constants are substantially unequal). 

Fig. 5e shows an q)im)ach to integrated planar designs that extend the single element 

20 SADF to a four channel array that drops (or if used in the reversed direction , with inputs 
replaced by outputs and vice versa, adds) any of four wavelength channels, independently, into 
the drop port. Again, the bus and drop waveguides are nonidentical, limiting the practicality 
of this design for WSXC. In practice, limits to scalability dq^end on losses at each node, which 
accumulate as the array is extended to address a greater multiplicity of channels. 

25 However, a practical problem with the two waveguides differing by An is that the core 

dimensions of the higher index waveguide must be made smaOer tiian the diameter of an optical 
fiber in order for it to remain single mode. This causes coi^ling loss v/hen butt coupting to 
fiber pigtails. For small index ESBGs (core index of 1 .47, cladding index 1 .444), the square 
core widtii is 4 micrometm and the resulting butt coupling loss can be about 20 percent. For 

30 large index ESBGs (core index 1.53, cladding index 1.444), the insertion loss can still be made 
a modest 30 pocent if the core dimension is reduced to 1 micrometer. However, a 2 
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miaometer square core width in tins case could give a 60 percent insertion loss» i^ch would 
be unaccq;>table, and is therefore not utilized 

Fig. 5f illustrates a planar integrated 2x2 space switch which functions in a manner 
substantially the same as flie 2x2 space switch shown in Fig. 21 and described in conjunction 
5 with this figure. Fig. Sf illustrates that such a switch may also be fabricated utilizing planar 
integration. 

Wavelength Selective CrossConnect (WSXC) 

The function of a WSXC is closely related to SADF, except it is configured to 

10 interconnect two or more optical buses instead of a bus distributed to a local node. In general, 
a WSXC selectively exchanges M-chaimel WDM signals among NxN incoming/outgoing 
optical fibers in order to dynamically reconfigure and route traffic within architectures that 
regard each wavelCTgth as a separate and indqiendent "Virtual fiber." An NxNxM WSXC 
connects N fibers and Mwavdmgdis. Future networks will rely on such a device in order for 

15 WDM to realize its full potential to multiply network cq)acity. Based on industry plan, devices 
rangmg in scale fixmi 2x2x4 up to 128x128x80 or larger may be required. 

Several approaches to WXSC are being actively pursued in a number of laboratories; 
among fliese are IMP mtegrated WDM routers combined with phase shifters or space switches, 
modular passive WGR routers coupled to diermo^ptic or other switches^ and acousto-optic 

20 filters. No leading technology has been established as yet, and most existing approaches are 
costly. 

In accordance with this invention, a single switching point of a WXSC is a four port 
active switch with two input and two output ports. The switeh is activated eleclio-optically, by 
the ESBG medianism of toggling the periodic spatial index modulation constituting the grating 
25 for each selected elanent, on or off. By programming the control voltages for each ESBG 
elemmt on a unified chip or substrate containing a multiplicity of such elements, a very large 
number of switching states may be realized for rerouting and reconfiguring the exchange of 
WDM signals. 

Fig. 6a and 6b illustrate two variants of elemataiy cross-point switehes based on 
30 ESBGs. Each of two main ^bodiments uses two ESBGs per elCTient The function of an 
individual elemCTt is to embody the elonentary wavelength selective cross-point function. 
When the switdi is not active, all wavelength channels at a particular input port will pass 
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unaffected to a particular output port. When the switch is activated, a particular Awavelengfb 
channel (if present) at each input port will be crossconnected to the alternate output port All 
non-selected wavelengths remain unaffected. 

In Figs« 6a and 6b, unlike the earlier SADF devices^ the two bus waveguides are 
5 identical (have equal propagation constants), and only the internal "s" or "ring" guides have 
substantially difiEbient propagation constants. Thus these also provide more efficient coupling 
to optical fibers. 

Referring first to Fig. 6a, an ESBG 12a is in the evanescent region of waveguide 3 1 a and 
a grating 12b is in the evanescent region of waveguide 3 lb. The waveguides are suflBciently 

10 separated so that their evanescent regions do not overlap. ESBGs 1 2a and 12b are connected 
by a curved or "s" waveguide 37. With this configuration, waveguides 3 1 a and 3 1 b may be of 
identical size and material and may have the same index, thus significantly simplifying 
£dmcation and pmnhting standard couplings to be used for all waveguides so as to minimize 
insertion loss. However, undesired couplings (i.e. evanescent and direct Bragg couplings) are 

15 significantly suppressed by having waveguide 37 much smaller than the waveguides 3 1 so as 
to have an index diffoing fitmi that of the waveguides 31 by an amount significantly in excess 
of An. The configuration of Fig. 6a thus jnovides superior suppression of undeshoed couplings 
and improve insertion loss p^oimance, but is more complex and e^qpensive than the 
configuration shown in Fig. Sa While the gratings in Fig. 6a are not shown as apodized to 

20 reduce side-bands, this or other tedmiques could also be utilized with these embodiments for 
such side-band reduction. 

Fig. 6b differs from Fig. 6a in Aat, instead of only a single waveguide 37 
int^connecting ESBGs 12aand 12b,apau-ofwaveguides37a,37bareprovidedtop^onnthis 
fimction, the ESBG 12 and waveguides 37 forming a closed ring 39. An advantage of the ring 

25 configuration of Fig. 6b over that shown in Fig. 6a is that, whereas with the configuration 
shown in Fig. 6a signals traveling between the waveguides 31 in either direction all travel 
tfuDUf^ die same wav^;nide section 37, raising the potential for cross talk, in the configuration 
of Fig. 6b, signals fix>m ixspist 1 on waveguide 3 lb travel tfaroiigb waveguide segmmt 37a while 
signals fix>m iiq>ut 2 on wav^;uide 31a travel through waveguide segment 37b, reducing the 

30 potential for crosstalk. Another, perii^ more significant advantage, is diat, i^rfiereas for the 
CTibodimentof Fig, 6a cross-connected and unaffected signals travel in opposite directions on 
a waveguide 31, for ^ embodiment of Fig. 6b all signals propagate in the same direction 
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^vidimany wav^^^ide. The design ofHg. 6b, vdiereby die drop signals piopa^^ 
the inputs, is ccmsideied to be mote convmnt for large scale integration, oonnectorization, and 
interficing witii tfie other elements of the optical networic. The design of Fig. 6b is therefore 
the currently preferred design, although the design of Fig. 6a may be piximed for selected 
5 applications. 

The configurations of Fig. 6a, 6b are forther advantageous in that, with two ESBGs at 
the coupling, wanrelengthsdectivity can be enhanced in that each signal is do As 
a result, sidd)ands can be suppressed by up to SO dB, whidk is not possible wi^ 

Fig. 7a compares the filter response of the S crossconnect (solid line) with a single 

10 exchange Bragg filte* of the type shown in Fig. 5a (dashed line). (Here the S ESBGs have also 
been curved so as to effectively apodize the response.) The response of the S-crossconnect is 
virtually the squared respome of the exchange Bragg filter. Thus the sidelobes are considerably 
reduced while the flat pa^band is preserved. Fig. 7b shows the details of the throughput 
response, where inband crosstalk can be less tfian -30 dB. In crossooimects it is vital to fully 

15 extract the dropped wavelength bom the input bus, because a new signal at the same 

wavyleng^h will he re^injected^ and jawcall^^ inKaiHf nmtgi hpt minttnired. The inband 

crosstalk can be fin:dier improved by increasing the grating reflectivity, either by making the 
spatial index modulation of the ESBG lazgor, hy racing the average index of die ESBG region 
or by making the ESBG longer. The fimlom to adjust these parameters by the use of H-PDLC 

20 is another advantage of this material family for optimizing these designs. 

Fig. 7c shows a computed typical optical response of the ring crosspoint 39. This is 
similar to the S-ofossconnect, except that spurious spikes are obs^ved related to power tr£q)ping 
in the ring. In addition, the inband response is somewhat compromised because of the ring 
resonances. While the two ESBGs shown in the "s" form of Rg. 6a for the "ring" form of Fig. 

25 6b could in principle be electrically controlled independently, it is intmded in these designs that 
the ESBGs within each **s" or within each ring be electronically switched simultaneously and 
togeflier in order to perform the described cross-connect fonction. 

While Fig. Sa configuration has been identified primarily as an SADF, and die Fig. 
6a, 6b configurafions primarily as WSXC, in fiurt both could be used for SADF. FromtUspoint 

30 of view, f(Hr the components shown in Figs. S and 6, tfte component of Fig. Sa is advantageous 
in that it can provide a box*like response, side lobes bdng easily reducible by apodizafion, that 
it is foiriy length ins»sitive and that it is fiiirly simple and stndght-forwani to fabricate. 
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However* since it requiied that the waveguides be mismatched in order to achieve usefiil 
p^onnance, fidmcadon can become more difiQcult and there is a potradal for insertion 
couplii^ loss problems. The embodiments of Figs. 6a and 6b, vdule more complex, may be 
easier to fsdmcate since the wavc^des 3 1 can be made of uniform saze and undesired coiq>ling 

5 modes are more easily and effectively suppressed Whoe the device is being used only as a 
drop filter (Le.» a muhidiannel WDM signal on for example bus 31b, which may for example 
be a main transmission bus, has a single channel transferred to an appropriate local bus 31a), 
the configuration ofFig. 6a may be preferred. However, where the oomponoxt is being iised 
as both an add and drop filter, a WSXC or SADF (i.e., in addition to the channel being 

1 0 transferred from main bus 3 1 b to local bus 31a, signals on bus 3 1 a of the desbed waveguide are 
also transferred through gratings 12 and waveguide 37 to bus 31b), the configuration of Fig. 6b 
may be preferred so as to minimize potential cross talk. 

Figs. 8a, and 8b are diagrams of illustrative cross-connect arrangemrots between 
multiple waveguides for multiple wavelengths. Fig. 8a for example shows two waveguides 31a, 

15 31b each of which may carry four channels or wavelragths. At the junction of tiiese two 
waveguides, four transfer rings 39|- 394 ^ provided, ^^ch rings are each the same as the ring 
39 shown in Fig. 6b, each of't^ch rings has an ESBG grating period which causes the ririg to 
p^orm the add/drop fimction for a specific corresponding wavetei^;tfa charmel 1-4. Thus, by 
selectively energizing one or more of the rings 39, infcmnation on selected channels may be 

20 added, dropped, or transferred between the waveguides 31. This is therefore a design for a two 
fiber in, two fiber out ESBG based WSXC, with four wavelragths (i.e., a 2x2x4 network). 
Rings 39,-394 could also be used to transfer betwem a main bus and local buses, each accepting 
a limited suteel to the wavelengths on the main bus. 

ng. 8b shows a more complex network in Ae form of a Benesh net of six, 3 - wavelei^^tii 

25 exchange sections cormecting four input and four output waveguides, for vAxaX is sometimes 
referred to a 4x4x3 configuratiotL This ^bodimrat fiu^tions in a way similar to that of the 
embodiment shown in Fig. 8a to p»tnit the transfer of any of the four channels inputted on any 
of the four waveguides to be outputted on any of the four waveguides. 

The network designs shown in Figs. 8a-8b are merely illustrative of possible design 

30 options for constructing networks in accordance with the teachings of this invention and 
networks adapted for at^ number of input and output fibers and to ai^ number of wavelength 
diamiels can be oomlmctBd usii^ these or other networic configurations, induding the " s" form 
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of Fig. 6a. The use of the Benesh net in Fig. 8b for the interconnections, which has the 
advantage of being reatrangably nonbloddng, is know in the art as an efficient nonblocldng 
architecture, but is by no n^ans the only possible architecture offering this advantage, it being 
only one of tiie netwoik architectures known to the art which might be appUed for 

5 interconnecting such ESBG wavelength exchange regions into a multifiber netwoik. A survey 
of networic architectures may be found in H. S. Hinton, An Introduction to Photonic Switching 
Fabrics^ Plenum Press, 1993. 

Obviously, the coiiq)Iexity of the coupling increases as the number of wav^[uides and 
channels increases; however, networks employing the ESBG technology of this invention, 

i 0 including the illustrative network design do provide substantially scalabiUty and, since, as will 
be discussed later, the entire device can be fabricated using fairly strai^t-forward integrated 
circuit technology, with the result that significant increases in the size and complexity of the 
netwoik do not resuh in corresponding increases in cost This is another significaiit advantage 
of the tedmology. Thus, the advantages of ESBG based add/drop and WSXC devices include 

15 on-chip intergratebility, polymer manu&cturing capability and low-cost, single-stq) grating 
fabrication, coupled with high channel selectively, low cross talk and insertion loss and fast 
switching speeds, in the tens of microsecond range. Perhaps most important, the flexible 
chemistry and fabrication of ESBGs permits a number of differmtly optimized elements, 
di£fering in index, grating characteristics, period, orientation, and odier parameters, to be 

20 fabricated togedio' on a smgle substrate, which is difficult if not impossible to accomplish using 
any materials technology other tha H-PDLC. 

Resonator Devices 

Resonators are still anotiier waveguide and grating configuration vMch may be utilized 
25 for implementation of S ADF and WSXC element Resonators are defined for purposes of this 
application as grating-based waveguide structures wherein storage of optical energy in a 
localized region is a significant principle of device function. 

Resonator based wavelength filters have sevoal characteristics that are sqierior to filters 
based on other mechanisms. These diaracteristics include the ability to synthesize arbitrary 
30 filt^ shsqpes by cascade-coiq>ling numerous resonators and, unlike interference filters, the 
ability to control pass bandwidth by techniques other than chaining device length. Resonators 
also do not have troublesome out-of-band side lobes. Instead, the out-of-band response 
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decreases monotonically at a rate detennined by ibt number of resonators comprising the 
chaimel drop filter. 

Resonators can be realized by use of Bragg gratings incorporating a quarter Waveshift, 
patterned on or near a wavelength, as dqncted for the waveguide 60 in Fig. 9. The quarter 
s Waveshift 62 acts as a cavity ^^e the gratings 63 to either side serve as distributed mirrors. 
Hie optical energy at a selected wavelength is tnqqied in the waveguide region 64 of the quarter 
wavesiiift section arid circulates resonantly (wave 65). The period of the grating is detemiined 
by 




Eq.(7) 



10 v/htrc n^ is the effective index of die mode in the resonated waveguide evaluated at Aj. 

Wavdength selected channel dropping is accomplished by side coiq>ling the resonator 
to one or more bus waveguides. There are several ways in which diis may be accomplished, 
as depicted by Figs. lOa-lOc. In all case two resonators are required to get 100 perc«t 
extraction of the desired diannel. This second resonator, which is referred to as the reflection 

] 5 resonator, is required in order to cancel the backward wave generated by die first resonator, 
which is referred to as the drop resonator. 

In die resonator filter of Fig. 10a, the fitter ou^ut drop, port 2, is directly coupled to the 
drop resonator 68. The reflector resonator 70 is coupled to the bus waveguide 72, but displaced 
spatially from the quarter-wavesection 62 of resonator 68 by an integer number of wavelengths, 

20 plus a half wavel€9agdL While the filter output is dropped in the forward direction in Fig. 10a, 
it can also be dropped in the reverse direction by attaching the drop port 2 to the opposite end 
of drop resonator 68. The unterminated ends offliegratirig sections (port 4) rnust be rnade long 
enough so that no power esciqpes through diem. Ofmultiple wavelengths inputted at port 3, one 
will be dropped to drop port 2 while the remaining wavelengths will pass unaffected to 

25 transmission port 1. The length of grating 68 and its index contrast between quarter- 
wavesection 62 and drop port 2, determines die bandwidth of the device. 

In die structuipe of Fig. 1 Oa and coiner resonator configurations, it is understood that the 
ESBGs constituting the several grating components are all to be switched on or off m concert. 
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either by cooidinatiiig their respective electrode-applied signals, or by fifoicating a single 
monolithic electrode ov^ the entire resonator portion constituting multiple ESBGs. 

Figs. lOb-lOd are three examples of higlier order filters ^ch give improved fitter 
performance by coupling multiple resonators. The diannel drop filter in Fig. 10b is similar to 

5 thatinFig. lOa, a bus waveguide 72 being coupled to a series ofdrop resonators 68' and also 
to an identical series of reflector resonators 70^. Eadi resonator is coupled to its neighbors by 
a secdon of the corresponding grating. The length L2ofthe connecting gratings between the 
quarter waveshifts 62 determines the details of the filter shape. 

The channel drop filter of Fig. 10c has similar performance to that shown in Fig. 10b, 

10 difimng fiom the filtar shown in Fig. 1 Ob in that the coupled drop resonators 68a, 68b and the 
coupled reflector resonators 70a, 70b are stacked adjacent to one anodier instead of being in 
series. This has the advantage ofkeeping the device length shorter. The distance between the 
portions of each covq^led resoimtor detmnines the details of the filter shape. 

While in the discussion above, tfie resonator waveguides 74 and the bus waveguides 72 

IS have ben matched, this is not a requiranent The main diflBculty in using mismatched guides 
is that the power transfer efficiency fixmi the iqnit bus to the resonator decreases, the effect 
being similar to a synchronous directional collier. Thus, it is generally more difficuh to realize 
large linewidths unless tte bus and resonator waveguides are very strongly coupled and/or die 
gratiog index contrast is large. In addition, because the modes walk-ofif in space due to the 

20 difference in projpagsnon constants, higher order GUxsxs can only be realized by series coupled 
resonators as depicted in Fig. 10c. However, sudi devices may be preferable for ESBGs 
utilizing relatively high indrac conqxisites, making it desirable to fiber match the bus 
waveguides. 

Three guide-chaimel dropping filters are schematically illustrated in Figs. lOd-lOf In 
25 these embodiments, the resonator is side-coupled to both an iriput and an output bus (i.e., the 
resonator is in the cladding between the buses, wdiich claddings overlap). For channel dropping 
filter embodiments of such resonators, two resonators are still required. The primary advantage 
of the configurations shown in Figs. lOd-lOf is that the resonator is independent of the input or 
output waveguides. In addition, for die embodiments of Figs. lOe and lOf; the waveguide 
30 sqnration Sand the resonatxHrlengdisL are indq)»dentdesigpparainel^ 

fiv die two-guide structure where these panimeters are related. InFig. I Od,tfie two resonators 
areooiqiledtogdhar. When die leiigdis of aUgiatiiigsectioiis are sqjpropriately chosen 
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is dropped into port 2 at lesonance. In the embodiment of Fig. lOe, the two resonators are de- 
coupled. However, a phase delay section 78 must be introduced between each resonator along 
the bus waveguides. This phase delay may be realized by making the iiq>ut and output bus 
waveguides different in lengdi or by changing the waveguide dimensions to modify the 
5 propagation constants. For matdied waveguides, the phase delay of the input bus must amoimt 
to ±7c/2, while the delay of the output bus must amount to t ii/2. For this embodiment, power 
is dropped to port 4 at resonance. This embodiment is less restrictive than the one appearing 
in Fig. lOd, because the resonator lengths, and the bus-to-resonator separation, are independent 
design parameters. 

ID Stated another way. Fig. lOe shows a resonator channel dropping filter using 

unpertmbed waveguides 72, 74 with a split resonator 76a, 76b placed between them. The split 
resonator is required in order to achieve full signal extraction. The advantage of this 
configuration is that the iq)ut and the filtered bus waveguides can be optimized for in/out fi her 
coupling, while the resonators can be independently optimized to achieve low loss and other 

15 advantages. Phase dela/ secticm 78 must be insoted along the bus wav^;uides in between the 
two resonators. The phase delay between quarter-wavesections of each resonator must amount 
to ±ic/2 in the input bus 72 and 7ic/2 in the output bus 74. In either case, multiples of 2ic phase 
may be added to flie waveguide delays witlK>ut affecting the performance. 

The channel drop fitt^ of Fig. lOf is similar to that shown in Fig. lOe except that 

20 multiple parallel-coi^led resonators are provided between the buses as for the embodunent of 
Fig. 10c. The multiple coupled resonators could also be connected in series as in Fig. 1 Ob rather 
than in parallel. As for the embodiment of Fig. 1 Oe, delay sections 78 are required. What has 
been said for previous embodiments concerning multiple resonators connected either in series 
or in parallel ^plies also for the embodiment of Fig. lOf 

25 Fig. 1 1 shows one example of the response, in this case from a matched bus/resonator, 

for the power out of the various ports as a function of deviation fix>m channel center 
wavelength. 

Planar integration 

30 In order to integrate a number of difRerait elraienls of the above-described categories 

on a single substrate, it is desirable to employ structures based on planar-waveguide based 
integration, as i»eviously discussed and as will be illustrated for a more complex structure in 
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Figs 12a-12e and I3d-I3b. Qnepathtosuchint^ialioQieKesonanextensi^ 
process described earlier, ^^dioein using silicon micro-opdcal bench technology, waveguides 
are comprised of regions of high index (doped silica or polymer) deposited in pure silica 
claddings whidh in turn are processed in ^died silicon substra^ manufactured by well 

5 establi^ed methods of the microelectronics industry. 

Thus one path of multidevice integration is to odend such £d>rication to more complex 
networks of devices and elmoits. Figs. 12a-12e s1k>w a straightforward extension of the 
febrication mediod to encompass combinations of disparate devices. Tbe waveguide structures 
48 is first manufactured. ITO or other electrodes 20 are dq)Osited ^^ere required (Fig. 12a). 

10 Then a H-PDLC film 30 is apphed to the stmcture by spincoating or other polymer coating 
techniques (Fig. 12b). A binary phase mask 52 is then put in place which contains pre-designed 
grating parameters in order to produce the various periods and directions of the required 
gratings, to perform the differing functions described (Fig. 1 2c). Fig. 1 2d ^ows the cover plate 
(for example glass or silica) with the jsppcr electrodes formed thereon being mounted to the 

15 substrate, and Fig. 12e shows the final assembly. 

A different path to muhidevioe integration is disclosed in Figs. 1 3a-13b. As discussed 
earlior, ESBGs may be located in either tiie core or cladding regions of planar wav^uides. 
Although generally the core location results in strmiger interactions and belter performance, 
some advantages qiply to cladding located ESBGs, v^ch may also be tmned "overlay" ESBGs 

20 in that the grating films overlay a structure of underlying wavegxudes. 

In particular, overlay ESBGs open the possibility for a large scale integration technology 
hi vAaxh a monolithic ESBG film is sandwiched betwem an vpper network of waveguides and 
a tower network of waveguides. The overiay approach can be transfeoed to an integrated planar 
waveguide technology by the s^dwich technique illxistrated in Figs. 13a and 13b. The lower 

25 layar 46 is a silicon ba^ structure containing many ^lica based or polymer waveguides 48 in 
a network that apjproadx the sur&ce in selected interaction regions. A matching upper silicon 
layer 46* contains a second network of wav^;uid^ 48'. The design is such tiiat the waveguides 
fipom die upper plane contact or cross or coincide witii the waveguides fit)m the lower plane at 
selected loci or nodes 50, and otherwise are fiiUy clad so as to protect low loss propagation. 

30 Where waveguides fifom the upper section have e)q)osed evanescent regions crossing 

^qx>sed wav^uides fiom the lower section at a substantial angle between the two, an ESBG 
fifan 1 2 placed betwem than can coiq^le them in the 2x2 space switch 44 to be described later 
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using fiber based devices^ the prindple being the Either one of the substrates may have 
the H-PDLC fihn formed thereon, with the ESBG gratings formed therein in manners discussed 
elsewhere, or an H-POLC fihn with ESBGs formed therein, or floated ESBG decals, may be 
mounted between the substrates. Electrodes are preferably formed on the substrates at each 
S node. 

Where waveguides firom the upper section have exposed evanescent regions crossing 
exposed waveguides from the lower section in a parallel path, an ESBG film placed in one of 
the waveguides or between them as previously described to implement S ADF, WSXC, other 
coiq)lers or other devices described earlier, provided that the upper and lower waveguides are 

10 identical or nonidentical in the coupling region, as required, which may be implemented by well 
known methods of channel waveguide design. 

By combining such individual devices into networks, an unlimited variety of integrated 
device architectures can be fabricated in which the individual switching, path-exchange, and 
wavelengdi selective properties can be combined and permuted in many architectures. 

15 Finally, the wav^iqide to free space principle described later can be implemented 

provided there are holes in the silicon layers for light to be coupled in fifee space out of or into 
the waveguides. This could be used to provide interpiane communication, in order to extend 
the sandwich structure into multiple layers. 

20 Single step holographic exposnre of multiple and diverse overlay nodes 

In a planar integration geometry as described, the middle of the sandwich is a collection 
of overlay ESBG films comprising the various individual gratings, with different orientations 
and periods (grating vectors) but with a common layer thickness. An efiBcient one step 
manu&cturing process will resuh if all such gratings required for the multiple Amotions of the 

25 various nodes are made simultaneously. 

A binary phase mask» well known to optical science, will produce two beams when 
side-illuminated by a single laser beam (this being the H-PDLC exposing beam, typically 488 
nro). These two beams ihsa cross in close proximity to the polymer film, producing ESBGs. 
Afier e3qx>sure» tiie finished low^ (or tqpper) plane with ESBG active films in place is removed 

30 fiom the fixture containiiig die Innaiymulti-niask. Thus one stq> of hologr^hically exposure 
will simultaneously produce a number, possibly hundreds, of device nodes on a single planar 
chip, several of which may have differing characteristics fiom the others, which device nodes 
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may be of a single type or may be of a variety of different types. After stabilization, the two 
halves are combined and finally packaged. 

Coupler-half devices 

S A device also suitable for practicing the teachings of tte invention, which device has 

been known to the art of fiber optics since the early 1980s, is the polidied coupler or 
coi4>ier^half(also known as a ^(te polished fiber). A single mode optical fiber is bent on a long 
radius (such as 1 S-SO cm more or less) and cemented into a groove in a silica block, which is 
used to hold and siq}port it while the fiber is polished to expose an oval region of cladding close 

!0 to the core. The function of the glass block is primarily to hold the fiber, but it also provides 
a smooth flat sur&ce coinciding with tfie polished fiber fiic^. With a deep enough polish depth 
(for example, to within 2 ^m of an 8 |im diameter core), substantial intensity of the evanescent 
optical field becomes iuxessible. As is commonly practiced, such couqpler-half devices can be 
used as a variable spUtting ratio ooiq>ler by mating their polished sur&ces. Also, coiq}ler-haives 

13 have been used as substrates to couple single mode fibers into metallic, polymer or liquid 
crystal films for the purpose of making fiber optic polarizers, spectral filters, and oth^ 
OHnponents. 

In accordance witib tfie teachings of this invGotion, coiq>ler-halves may also be used for 
low cost and effident coiqsling of single mode optical fibers to overlay type ESBG films, which 

20 are easily deposited and supported on the polished surfiu^e, or to certain for 
example thermo-optic film. Devices based on optical fibers are simple to make and, unlike 
planar waveguide structures, automatically offer easy coupling into and out of the optical fibers 
and connection to other Gbexs. 

Fig. 14a shows tfie structure of sudi a device 32, with Fig. 14b being a chart of fbe 

25 indices and the dimmsions of the various compoircnts and layers for an illustrative such device, 
although substantially different index profiles are also intended to be encompassed within the 
invostion. Known calculation approaches based on coupled mode theory can be used to design 
sudi devices. Fig. 14c is a sectional view along the line c-c in Fig. 14a, with the electrodes 20 
on top and bottom of ESBG 12 to provide a vertical electric field Fig. 14d is the same view 

30 as Fig. 14c for an altmiative embodiment where the electrodes are on die sides of the ESBG 
to provide a tra ns v e rse electric field. For flie Fig. 14d embodiment, the electrodes need not be 
transparmt, ^Id dectrodes being u^ for a preferred configuration. 
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Switchable drop filter 

Fig. ISdsowsasingle-dianneKsiiigle-wavelai^ 
halfilESBGtedmology. ThetwostatesofsuchaswHdiare^mteiiDsofeD^ 
to filto (remove) or not to fiher one predetamined wavelragth channel jGrom a single mode 

5 optical fiber 36 transporting a multipiici^ of such ^velength diannels (for example 16 
sq)arate and indqsecdent optical ^gnals sqxoated in center wavelength 0.8 imi, corresponding 
to 100 GHz) Howeva, the planar waveguide SADF described earlier, the drop port for this 
coupler half device is not available finr easy culture by coupling to an optical fiber, so die device 
fimction is simply to remove one channel fiom the bus. In its unpowered state, this device 

10 performs a fimction of selectively flitting out one wavel»gth channel at a waveloigth A.== In^^ 
A (q)plying a large loss to that specific chaimel) v/faile passing all others with minimum or zero 
loss. In its powered state, the switch passes ail wavelength channels, ideally equally and 
without loss. Sudi a switch is usefiil in certain WDM s^lications, often in combination with 
other such componmts. For example, a s^ of 16 indqpendmt parallel switches could be 

15 con^ructedtodeal witheadioftfie 16 wavelei^lh channels separately and indepradmtly. 

To fidmcate the device 34 of Fig. IS, a polished coiqiler is prepared usisxg a long radius 
bend fiber 36 so as to provide proximately 3-4 mm of interaction region in the form of 
exposed section ofthe fiber proximate to tfie core. After the side ofthe fiber is polidied away, 
the modal field extends above the sur&ce. A transparent electrode 20 (see Fig. 14a) is then 

20 deposited on die polished sur&ce in for exanqpie the form of indium tin oxide, thickness 
100-200 run, by m^hods such as magnetron sputtering. Using spacers known to the liquid 
crystal display industry, such as glass microspheres, a liquid film of H-PDLC is iqsplied to the 
surfiu:e, after wliidi a cover glass (fiised silica) also coated with a transpar«it electrode, for 
example indium tin oxide, is ^lied. Alternatively, polymer conducting electrodes may be 

25 used whose index is more closely matcted to the silica and ESBG materials, with the advantage 
of lower loss and simpler design computations. ThethicknessoftheESBGfilmmay be varied 
fiom less 1 ^m to more than 10^mdepalding on design and indices of available materials. 
The principles of waveguiding in planar films are well understood. Considered as a single 
mode waveguide, the ESBG film is characterized by a V parameter ffvm by 

30 h 2 2 in 



SUBSTITUTE SHEET (RULE 26) 



wo 99/09440 PCT/US98/16736 

-36. 

where l^thickness of ESBG film, A. = free space wavelength, nESBo^^s^verage index of ESBG 
film and n»iBiiate= index of fiber cladding. As is well known, the condition for single mode 
propagation is that V<3.14. Device functioning is sensitive to tiie index of the ESBG film. 
Vc^ thin films are necessary for a low loss device if the polymer film av^^ 

5 relatively high, for exanq>le 1.S2, compared to the silica cladding, 1.46, in ordo: to prevent the 
polymer film torn drawing excessive optical power fifom the fib^. But if the polymer 
conqiosite possesses an index more closely matdied to the silica cladding, as desmbed earlier, 
atUcker film may be utilized, resulting in a stronger coupling. For example, an ESBG film 8 
|mi thick may be utilized if the average index can be precisely formulated and controlled so that 

10 in it's powered state it precisely matches fiised silica » 1 .46 and in if s unpowoed state it is 
higher by approximately 0.5%. 

A grating is recorded in the liquid by holographic poijrmerization using interfering 
beams bom an external 488 nm Ai^on ion laser or other suitable laser, depending upon the 
photosmsitizer absorption spectrum included in the solution;, such laser beams to be applied as 

15 illustrated in Fig. 16. The effect of the grating is substantially to coiqiie the forward 
propagating light fiom the fiber mode to the bai^ward propagating duection in the ESBG film. 

The required grating period A is (tetomined by tte formula X= (0^^ + no^) A, where X 
is the cfesired center wavdengfii to be filtered and OefT tiie mode index of tfie polyi^ 
fifan and nfiber the modal ind« of the optical fib». Ifforexampteitisdesuedtofiher A- 1448 

20 nm and n^lA7 and nQxr'^l-^S, then the grating must be fidmcated so that tte period A is 
precisely 493 imi. A grating of this period can be produced by exposing the liquid H-PDLC 
tiiin fifan (captured between the polished coupler surface and the glass cover plate) to 488 irni 
laser beams with a half angle such that sin 6 = X*/2A , wfaare JC is now the wavelength of the 
argon laser, 488 nm. In this example, 8 will be about 30 degrees. If the spatial index 

25 modulation An/n< 0.001 and L»3000 |mi, then dX/X < 2.5 x 10^, whidi is smaller than tiie 
channel spacing, as desired. 

In its unpoweied state, the filter device 34 will selectively remove the signal at 1448.0 
nm (in this example) by dispo^sing it in the polymer film, vMlt approximately uniformly 
transmitting all other wavel^gths, as for example 1447.2 nm and 1448.8 nm, and others. 

30 Af^lying an electric field to the device between electrodes 20 will switch the ESBG film 12, 
meaning that the periodic irxiex modulation will be caused to disaiqiear by reorienting the liquid 
oystai directors inside the aspheric microdroplets, matching the liquid crystal index to tiiat of 
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apparent that this outcoiq)Iing angle will be wavelengdi dependent, and in this example will 
vary fix>ni 10.2^ to S.4S^ over the wavelength range 1SS0-16S0 nm. This variation can be 
applied to outcouple various wavelength channels to diffarent positions or detectors in fiee 
space constituting a type of spectrometer. Thus a multiwaveleogth WDM signal propagating 

5 in the fiber will be outcoiqpled into fiee space as a &n-diqped array of signals, with each 
diannel propagating in a sli^tly diflfaent direction. Switching such a device could be used as 
a WDM signal sampling spectmneter* to divide the signals in space to monitor die equal ity of 
optical power in the various channels, or in general as a diagnostic tool for monitoring the 
performance and status of multiwavelengtfa networks. 

10 By means of flying an eleOric field through electrodes 20 (not shown, but same as 

for Fig. 1 S) to suppress the grating spatial index modulation, the coiq)Iing between radiated and 
guided modes can be disabled. In the powered state of the switch, light props^ating in the fiber 
will then substantially continne Enough the device and exit the fiber at its fiur aid, ideally 
without loss. In this device, the switdungefifect is therefore to coiq>le or decouple guided 

15 fiee space modes. The utility of such a device is (a) to extract lig^t fiom optical fibers in a 
switchable and channel sensitive manner; (b) to interconnect fibers to fiee space detectors or 
laseis for testing or measuring 4ie strength of various wavelength channels or oth^ purposes; 
or (c) to interconnect light fiom Gb&t to fiber or wav^^ide plane to wav^;uide plane in a 
complex switching n^woric Other uses wodd also be qiparoit to tiiose skilled in the art With 

20 suitable grating period, the integrated structure of Figs. 4a, 4b could also coxqplc to space, but 
is more generally used to couple between waveguides as previously discussed. 

Attieniiator 

A fiirtfaer device consisting of an ESBG film on a coiq>Ier-half is a &her optic atteniiator 
25 40, Figure 1 8. An attenuator differs fiom a switch, v/tdch is optimized for two distinct states, 
on and off, powered and unpowered In contrast, the purpose of an attenuator is to provide a 
long scale of voltage controlled loss ovct a range of at least 30 dB (1000:1) for precise control 
of die optical intensity propagating through the fiber. Sudi fimctions are desired for example 
to equalize the strengths of signals fiom different sources in a fiber optic network. 
30 This can be constructed amilaiiy to the ESBG film (fevices previously desaibed, excqpt 

that a diffisrentfidirication scheme fOT the ESBG film is provided. By produdng a grating with 
very small pmod A, sobstantiaUy less than the qjproximately 0.5 (un usefiil for Bragg 
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leflection fitering at 15S0 nm, an ESBG film 1^ 

not be hi^ily wavelength selective. In tiie example of use at 1 550 nm and photosensitization 
of die H-PDLC fiir 488 nm, a voy short period gratnig of this type can be prodnced simply by 
inmasing the half angle b^wem tte argon laser or odier e3q)0sing laser beams to be 

5 siibstandally larger than for the prior devices, for e3eanq)le larger ibaa 3(r. Sudi a method 
produces a "subwavelengA" grating, i.e., one whose poiod is so short that instead of coupling 
forward to badcward modes, or guided to radiated modes, or guided to guided modes, it simply 
acts as a quasi-homogeneous composite optical medium whose role is now to provide electro- 
opdc index control over an unusually wide mdex range, bi this case, the ESBG grating serves 

10 primarily to form very smaOdn^pIets, since the gradngpoiod as such is largely The 
half angle 6 used for exposure will depend on the desired grating period A and can be 
determined from the period in ways known in the art (i.e. sin 6 = A/2A vfhert A is the center 
wavelength of die band to be attennated and A is the grating period). Such subwavelength 
gratings may also be fanned using a master grating or binary idiase mask technique previously 

1 5 described By virtue of the distribution of extranely smaU miorodroiriets vAose dimensions (on 
the order of 30-100 nm) and MAuose int^lane spacing (100-400 nm) are so small, the ESBG 
fihnislowinscattmng. Theopdcalactiveproperty is thmsmq>ly thai the average refis^ 
index can be adjusted by an jq>plied field. 

In addition, by virtue of providing a very short period, the polymerization strains that 

20 result in '*food>air shaped microdroplets 26 are reduced, resulting in more nearly spherical 
droplets. Since the sudden switdiiiig of the liquid crystal directors in the microdnq)lets is 
strongly dqpradent on the aspheric shape of the droplets, more nearly spherical droplets will 
possess a reduced critical electric field, as may be inferred fit>m die published studies of 
Sudiaiand el al. Thismeansdmtinsteadof switdiingfiom one orioitadon to another at a well 

25 defined critical voltage, the liquid crystals will rotate graduaUy as the electric field is increased. 
This yields the long scale voltage control of average refractive index required for operadon as 
a fiber optic attenuator. 

A further requirement for good performance as an attenuator is that the average 
refiactive index of the ESBG film ^uld (throu^ ch»ucal formulation and subsequent 

30 holographic polymerization), be designed to match die fiber optic cladding index (typically, 
pure silica at 1 .46) exacdy m its powered state, as can be accomplished by q)propriate choice 
ofliqutdoy^ and polymjor host species. Tins means diat in die mqxywered state, the average 
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iiidexofsuchafilmiiiight,forexanq>lebes^^ 1.47,andtfaepi0xiinityofsuchafi]m 
in the evanescni region of the polished qpfdcal fiber will result in a substantial, wavelength 
independent loss. In the fiiUy powered state, flie index is aitmd to match the silica cladding 
at L46, in which case it effectively vanishes into the cladding fiom the standpoint of the 

5 propagating mode, resulting in zero or very anall optical loss (attenuation). Between the 
uiq)Owered and fully powoed state wiU be a long adjustmot 
of sqn>lied electric field. 

If the ESBG is index matched to the glass fibor as described, the resulting attenuation 
will also be substantially polarization independent Fig. 19a shows the optical power 

1 0 transmitted through the fiber as a fimction of electro-opticaUy altered ESBG index, for the two 
polarizations TE and TM. Note the substantial equality. Fig. 19b shows the power transmitted 
as a fimction of wavelength, for three levels of att^mation, indicating substantial independence 
of wavelfflgth. 

Such a device constitutes a fiber optic attenuator vriiose performance is independent of 
15 wavelength and polarization. Its advantage over snnilarstnulurescontainii^ pure hquidaystal 
in an overlay film is that tte H-FDLC material has much lower optical scattering and also does 
not require a separate orientation step, since orientation witiiin miofodroplets is spontaneous. 
The insertion loss of such a device will be veiy small. 

Since the mechanism by which film or ESBG efifects attenuation is to selectively 
20 outcoiiple increasing pa:centages of tte signal on fiber 36 tiirough film, such a film may also 
fimction as a wavelength independent outcoupler. Further, ratiier than having a homogeneous 
film, channels or stripes may be formed in film in the direction parallel to fiber 36 which exhibit 
an index match witii the dadding which may be ^ecti ve for reducing insertion loss. 

25 Channel add/drop cross-connects by use of grating firostrated or grating assisted couplers 
An additional class of devices can be constructed by placing a second coupler half on 
top of the first, witii an ESBG film sandwiched in die middle . Such device incorporate two 
optical fibers 36, 36', with four optical ports 42A * 42D. Figure 20 shows one variant of such 
a device. In this case, the ESBG film is e:q)osed and polymerized by means of a cover 

30 glass. Then the cover glass is removed and replaced with an iqyper coupler-half 32* w^ose 
sui&ce has also been {TOvidedwidi an rro or other tcansparcait electrode 20. Alternatively, a 
liftoff (decal) deposition apisoacfa may be used vAiesAy the ESBG film is prepared and 
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poiymerized in a labaiatoiy fixture and ibsn chemically released fiom its scbstxate through 
floating in water or otfaor mediods, diced to sizei, and bonded to the lower covqpl^-half 32. 

In the device shown in Hg. 20, a multiplicity of wavelength duomels propagates in one 
smgle mode fiber into tiie device. The device is designed, so 

s that die fibers in the two coiqsler halves are non-idendcal (see Fig. 16 of the "950 appUcadon), 
as mi^ be achieved for exanq>le by use of single mode fibers widi dightly di£te:ent diametm 
or core indices, such that the propagation constants for the various wavelengdi channels in die 
first fiber (pO<^^fio™tti^(P'i)^^ second fiber. Indus case, in the absence of a gratii^ 
film between tl^m, in spite of their proximity, the coupling will be low or nonexistent because 

10 ft^PV 

However if an ESBG grating is now provided between the two nonidentical coupler 
halves and if for some one channel i the grating p^od condition A satisfies the condition 

then die coupling will be gradng-assisted and the i diannel will be coupled over to the second 
1 5 fiber, vAdlc all the odier channels will not be, and wQl continue to propc^ate in their origmal 

fibor. Upon switt:hing die ESBG off Ci.e. qypiying power to ESBG), diis effect will be disabled, 

and aU the signals will propagate unaffected and uncoupled. 

Thus, die gradng assisted coupler using an ESBG between nonidCTticalcoq)ler halves 

has been described. Only one chaimel is coupled firom the first into the second fiber, the others 
20 propagating unchanged, and in the powored state all dbannels propagate unchanged. 

2x2 Space Switch 

The devices described a> fir are wavel^igth selective. Fig. 21 shows a variant structure 
designed to minimize waveloigth dependence and to selectively couple light firom a fiber 36 
25 in coiq)la'-half 32 into a second identical fiber 36* in couplo-'halve 32*. As shown in Fig. 21 , 
this device differs fixun earlier embodiments in Hxat the two halves are bonded at an angle 2 B 
to one another, with an ESBG film 12 sandwiched m between. If the grating period A satisfies 
die condition 
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then light will be coupled fiom flie input port 42A of fiber 36 into the ou^t port 42D of fiber 
36' and fi-om the input port 42B of fiber 36* to the output port 42C of fiber 36 using the 
unpowered state of the grating, i.e. the light will be exchanged fi-om fiber to fiber. In its 
5 powered state, the periodic index variation constituting the grating is turned off and the coupling 
is disabled, keeping all s^nals in their original fibm. For example, if k =1550 nm and B= 45^ 
A=746nnL 

For this implication, it is desirable to use a short interaction length and a large liquid 
ciystal loadmg in fonnulating tfie H-*PDLC so as to obtain large index modulation. In essence, 

10 this is an embodiment of the 2x2 space switches described in the *950 i^iication, except that 
the fiber optic coupler and overlay film methods are used in this embodiment 

Fig. 22a and 22b describe still another form of a grating assisted coiqsler. Two fibers 
36, 36' are mounted on curved palhs in single silica block. On the polished surface, an ESBG 
grating 12 coimects the two evanescent regions with a polymer guiding film. This device is 

15 analogous to the "s" bend planar device described earlier, except that the ESBG is now in a 
planar region, not a confined channel waveguide. The grating is enable of coupling the fiber 
mode to slab modes tbat propagate off axis, leading to broadening of the drop bandwidth, and 
a spreading of the field before being out-coiqjled by the second fiber. This results in reduced 
efficiency and a somewhat degraded spectral response, as illustrated in Fig. 22c. Such a 

20 response would however be substantially improved if the ESBG film, rather than being a two- 
dimensional planar layer, is etdied to reduce it to a narrow channel parallel to the fiber cores. 

While tfie invention has been desoibed above with respect to a variety of embodiments 
and various processes have been desoibed both for fiibricating individual devices and structures 
containing multiple sudi devices, these various devices, structures and meAods have been 

25 provided by way of example only and it will be apparent to those skilled in the art that 
numerous variations, including ones discussed above on these devices, structures and m^ods 
are possible while still practidi^ flie teachings of tfie invention, wfaidi is to be limited only by 
the following claims. 
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Claims 

1. A component for seiecAvely leoonfigaring an optical signal on a guided wave optical 
path including: 

at least on ESBG in optical contact with said path; and 
5 electrodes for selectively applying at least a first and a second voltage across eadi said 

ESBG, there being no change in tiie optical signal for said path v/ben said first voltage is across 
a said ESBG and there being a selected change in the optical signal on said path when said 
second voltage is across the ESBG. 

10 2. A component as claimed in claim 1 wherein said optical signal is a multichannel WDM 
signal, and Miierein a selected channel is dropped firom said path when said second voltage is 
across the ESBG. 

3. A component as clainml in claim 2 wherein said channel is dropped by being 
] 5 retroreflected back through said path. 

4. A component as claimed in claim 3 wherein said channel outcoupled fiom said path. 

5. A component as claimed in claim 1 wterein said c^tical signal is a multichannel WDM 
20 signal, and including a second guided wave optical optically coupled to a said ESBG, at 

least one selected channel being transferred between said paths when said second voltage is 
across said ESBG. 

6. A component as claimed in claim 5 >^ii^in a channel is dropped fix>m said optical path 
25 by being transfenred to said second optical path when said second voltage is across said ESBG. 

7. A component as claimed in claim S wherein a channel is added to said path by being 
transferred to said pafii fiom said second path ^en said second voltage is bcioss said ESBG . 



30 



8. A component as claimed in claims wherein signals having WDM channels appear on 
both paths, and wherein a selected channel is transferred &om one path to the other when a 
second voltage is across said ESBG. 
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9. A component as claimed in claim 5 v^berein there are a plurality of ESBGs optically 
coupled to both paths, and wherein a dififerent channel is transfored between paths by eadi 
ESBG when said second voltage is thereacross. 

5 10. A component as claimed in claim 5 wherein there is an ESBG in optical contact with 
each of said paths, and including at least one optical path intercoimecting said ESBGs. 

11. A component as claimed in claim 1 0 v^erein there are two optical paths interconnecting 
said ESBGs to form a ring. 

10 

12. A component as claimed in claim 1 1 wherein there is one of said rings between said 
paths for each channel to be transfeired therebetween. 

13. A component as claimed in claim 1 1 whmin the said optical path and second optical 
15 path have a first effective index, and herein the optical patfis for said ring have a second 

effective index different than first effective index. 

14. A component as claimed in claim 13 wherein the optical paths for said ring are of a 
different size than the said optical path and second optical path. 

20 

1 5. A component as claimed in claim 5 wherein there are a plurality of ESBGs optically 
coq)led to both paths, and wherein a different chamiel is transferred between paths by each 
ESBG when said second voltage is thereacross. 

25 16. A component as claimed in claim 5 wherein said optical paths have different indexes. 

17. A component as claimed in claim 16 wherein said optical paths are of differmt size. 

18. A component as claimed in claim 16 wherein said ESBG has a grating with an index 
30 contrast An, and wherein the difference in the effective index of the optical paths is :^ An. 
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19. A component as claimed in claim S wherein said component is part of an integrated 
optics device. 

20. A component as claimed in claim 1 9 vsiimin said optical paths have different indexes, 
5 and wherein smd ESBG has a grating with an index contrast An« and wherein the difference in 

the effective index of the optical paths is ^ An. 

21 . A component as claimed in claim 5 wherein said component is part of a coupler half 
device. 

10 

22. A component as claimed in claim 2 1 vdierein said component is a switchable drop filter. 

23. A component as claimed in claim 21 wherein said onnpoisent is a switchable outcoupler. 
1 S 24. A component as claimed in claim 2 1 wherein said component is an attenuator. 

25. A component as claimed in claim 24 wherein said ESBG has a submicron grating. 

26. A component as claimed in claim 5 wherein said ESBG is a resonator. 

20 

27. A component as claimed in claim 26 wherein said component is a chaimel drop filter, 
and including a first drop resonator and a second reflector resonator spaced from each other in 
the direction of travel of said optical signal on a said optical path by an integ^ number of 
wavelengths of a wavelength to be dropped plus a half wavelmgth. 

25 

28. A component as claimed in claim 27 wherein each resonator is a multipole resonator 
formed of resonator sections ^^ch are one of series coiipled and parallel coupled. 



30 



29. A component as claimed in claim 26 wherein said component is a guide chaimel 
dropping filter, said ESBG being a resonator between the optical paths. 
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30. A CQnqx)iient as claimed in claim 29 wfaa:ein said resonator is a sphX lesanator having 
a phase delay section between split resonator sections. 

31. A component as claimed in claim S^^diereineadi said optical path h^ 

5 by cladding, and herein said ESBG is in die cladding for both said optical paths. 

32 . A component as claimed in claim 3 1 M^ierein the cladding for said optical paths overlap, 
and v^erein said ESBG is in die overlq> of said cladding. 

10 33, A component as claimed in claim 3 1 vdierein said ESBG extends over both sm 
paths. 

34. A componoit as claimed in claim S wheidn siddobes are suppressed by £q)odization. 

IS 35. An integrated optics conqponent for selectively reconfiguring an optical signal inci 
asubstrate; 

at least one optical waveguide formed in said substrate, each said wavf^;uide having a 
core with cladding therearound; 

an ESBG in one of said core and said cladding for a said waveguide; and 
20 electrodes for selectively applying at least a first and a second voltage across said ESBG, 

there being no diange in the optical signal when applied to the said wav^uide if said first 
votta^ is aax>ss the ESBG and tfambmg a selected diange in the optical if said second signal 
is across the ESBG. 

25 36. A component as claimed in claim 35 \^erein said optical signal is a multidiaimel WDM 
signal, and wherein a selected channel is dropped firom said waveguide when said second 
voltage is across the ESBG. 

37. A componCTt as claimed in claim 3 5 wfaa:ein said optical signal is a muttichaimel WDM 
30 signal, and including a second guided wave optical waveguide optically coupled to a said 
ESBG, at least one selected channel being transfened between said waveguides vAisn said 
second voltage is across said ESBG. 
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38. A component as claimed in claim 37 wherein a channel is dioiqped fiom said optical 
waveguide by bdng transfarod to said second optical waveguide when said second voltage is 
across said ESBG. 

5 39. A componoit as claimed in claim 37 wherein a channel is added to said waveguide by 
being transferred to said waveguide from said second waveguide when said second voltage is 
across said ESBG. 

40. A component as claimed in claim 37 wherein signals having WDM channels appear on 
10 both waveguides, and whorein a selected diaimel is transferred from one wav^;uide to the other 

when a second voltage is across said ESBG. 

41. A conqwnrat as claimed in claim 37 vf^erein there are a pluxBlity of ESBGs optically 
coupled to both waveguides^ and ^xAterein a different channel is transfmed b^ween waveguides 

1 5 by each ESBG when said second voltage is thereaoxiss. 

42. A componmt as claimed in claim 37 wherein there is an ESBG m optical contact with 
each of said waveguides, and including at least one optical waveguide interconnecting said 
ESBGs. 

20 

43. A component as claimed in claim 42 wherein there are two optical waveguides 
interconnecting said ESBGs to form a ring. 

44. A component as claimed in claim 43 wh^in there is one of said rings between said 
25 waveguides for eadi channel to be transferred therebetween. 

45. A component as claimed in claim 43 wherein the said optical waveguide and second 
optical waveguide have a first effective index, and ^a:ein the optical waveguides for said ring 
have a second effeoive index different than the first effective index. 

30 

46. A component as claimed in claim 45 wherein the optical waveguides for said ring are 
of a differ^ size than the said optical waveguide and second optical waveguide. 
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47. A Gcmiponent as claimed in claim 37 v^mdn fbese are a pluialit/ of ESBGs optically 
coiq>led to both wav^;uides. aisd wberan a dififereot 
by each ESBG vAum said second voltage is thereacross. 

5 48. A component as claimed in claim 37 wherein said optical waveguides have different 
indices. 

49. A conq)onent as claimed in claim 48 yiAimm said optical wav^uides aie of different 
size. 

10 

50. A component as claimed in claim 48 wherein said ESBG has a gratii^ with an index 
contrast An, and wherein the difference in the effective index of the optical waveguides is 2: An. 

51. A component as claimed in claim 37 wherein said ESBG has a submicron grating. 

15 

52. A component as claimed in claim 51 wherein said ESBG is a resonator. 



53. A component as claimed in claim 52 vHheiein said ccmqxment is a channel drop filter^ 
and including a first drop resonator and a second reflector resonator spaced from each oth^ in 

20 the dbection of travel of said optical signal on a said optical waveguide by an mteger number 
of wavelengdis of a wavelengdi to be dropped, plus a half wavelength. 

54. A component as claimed in claim 51 herein said component is a guide channel 
dropping filter, said ESBG being a resonator b^ween the channels. 

25 

55. A component as claimed in claim 30 wherein said resonator is a split resonator having 
a phase delay section between split resonator sections. 

56. A componrat as claimed in claim 37 wherein each said optical waveguide has a core 
30 surrounded by cladding, and whmin said ESBG is in the cladding for both said optical 

waveguides. 
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57. A OQmponent as claimed in claim 56 vdierein the cladding for said optical wav^;uides 
ovedapy and viieiein said ESBG is in the overly of said cladding. 

58. A componrat as claimed in claim 56 ^Aierdn said ESBG extmds over both said optical 
5 wav^uides. 

59. A component as claimed in claim 37 wherein sicfelobes are suppressed by apodization. 

60. The inventions as shomi and described. 

10 

61 . A coupler half component for selectively reconfiguring an optical signal including: 
an optical fiber having a core with cladding therearound, the core having an index ni, 

the dadding having an index n^, and the effective index of the fib^ bdmg n^, ^ dadding being 
at least partially removed in a selected region; 
1 5 an ESBG mounted to said fiber in ssud regitm, said ESBG havii^ an index vdien in 

a first state, vdiere n^ is substanfiaUy equal to n2; and 

electrical elemoits including electrodes for selectively applying a voltage across said 
ESBG, the effect v^ch the ESBG has on light ^lied to the ESBG varymg as tfie volti^e 
tfamaooss changes, thereby chaii^g the state of the ESBG. 

20 

62. A component as claimed in claim 61 wherein light ^lied to said optical fiber is 
sutetantiaUy unaffected by said ESBG v/bm the ESBG is in said first state. 

63. A component as claimed in daim 62 wherefai said ESBG is in said first state when the 
25 medianism ^lies substantially no voltage across to said ESBG. 

64. A component as claimed in claim 62 wherein variations in ne as a result of voltage 
dianges across the ESBG results in selective attenuation of light q)plied to said fiber. 

30 65. A conqK>nent as claimed in claim 64 wherein said Ugbt is multichannel Ugjit at £ 
wavelengdis, and ^Aierein said attmuation is substantially independent of channel. 
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66. A componoxt as claimed in claim 62 ^4»:eiii said light is a multichamiel 
muttiwavelmgtfa signal, and vfbsx&n said ESBG causes light at one or moie selected 
wavdeoglfas to be coupled through the ESBG in at least one direction to or fiom said fiber as 
ibc voltage across of said ESBG is varied fiom a vote^e causing die ESBG to be in said first 

5 State. 

67. A component as claimed in claim 62 i^oidn said ESBG has a grating period which 
causes light at one or more selected wavelengths of a multiwavelength light signal to be 
lefiected back along said fib^, diereby filtering said one or more selected wavelengttis fiom the 

10 light propagating in said fiber. 

68. A component as claimed in claim 62 wherein ibsrc are two of said fibers with the said 
legion of the fibers being adjacrat, and with said ESBG being mounted between the fibers in 
both said regions, all light on one of said fibers passing unchanged through the ESBG to the 

15 other fiber viben the ESBG has a selected index. 

69. A component as claimed in claim 68 herein the fibers have substantially the same 
indexes, and i;i4ieiein whm said ESBG is in its first slate subs^^ 

of said fibers is transferred tfaroi^ the ESBG to the otii^ fiber. 

20 

70. A component as claimed in claim 69 wherein said ESBG has a selected grating period, 
said ESBG, vAien in a second slate as a result of the voltage iqpplied flieracross, blocking light 
of at least one selected waveler^ fiom a muhiwavlaigth optical signal, deteroained by the 
pmod of the ESBG grating, fiom passing through Ae ESBG, light at such at least one 

25 wavdength continuing to propagate in its original path. 

71. A component as claimed in claim 68 wherein die fibers have diffoent indexes, herein 
said ESBG has a selected grating period A, M^imin the propagation constants for the two fibers 
are and p\ respectively, and ^dierein for at least one wavel^gth of a multiwavelength light 

30 signal, tfie condition 2k/ A = P^ - P\ is satisfied, there being no coiq)ling between fibers dm)ugh 
the ESBG except for the at least one wavelei^jth for whidi said condition is satisfied. 
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72. A component as claimed in claim 68 wberein Ifae fibers have different indexes, wherein 
said ESBG has a gating with an index contrast An, and wherein the difference in the effective 
index of the fibers is ^ An. 

5 73. An ESBG diaracterized in that the ESBG has a subwavelength grating. 

74. An ESBG as claimed in claim 73 wherein said grating has a period substantially less 
than O.S ^m. 

10 75. A method offehricating an ESBG having a subwavelength grating ofperiod A including 
exposing a H-PDLC film by one of (a) exposing the film with two interfering light beams of 
suitable wavelength, the half angle 0 between the beams being large enough so that sin 6 = 
A/2A, ^tere k is tiie center wavelengtfi of a light signal with whidi the ESBG is to be utilized; 
(b) exposing the film through a suitable binary phase mask; (c) exposing the film through a 

15 master grating. 

76. A method of fetnicating an integrated optical network having a plurality of nodes, with 
at least one ESBG formed at each of said nodes, mcluding: 

forming selected optical waveguides in a substrate, at least selected ones of said 
20 waveguides passing through selected ones of said nodes; 

forming an ESBG with electrodes at each node; and 
covering the waveguides and ESBGs. 

77. A method as claimed in claim 76 >^eiein said fonnii^ an ESBG step includes forming 
25 an electrode film and a H-PDLC film at each node, and exposing the H«-PDLC film at each note 

to form and ESBG grating thereon. 

78. A method as claimed in claim 77 viimin said covoing step includes formii^ a second 
electrode fibn on a cov^ plate at each iKxle; and covering the waveguides/H-PDLC films with 

30 said cover plate, each electrode on the coverplate ov^ying the H-PDLC film for the 
corresponding node. 
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79. A method as claimed in daim 77 ixdierein said esqwsing stop includes one of (a) 
exposing eadi H-PDLC film with two inteifering li^ beams of suitable wavekngdi, the beams 
bdng at a selected angle to eadi odier, (b) ejqiosing all of the films simultaneously through a 
suitable binary phase mask; and (c) esqposixig eadi of tiie films tfuougb a suitable mask* 

5 

80. A method as claimed in claim 77 ^^lerein said forming wav^;uides stq> includes 
fonning sdected optical vraveguides in a first substrate and in a second substrate, which 
substrates are nu)unted acyacot eadi other during said oov^^ 

substrates intersecting at at least selected nodes. 

10 

81 . A method as claimed in claim 80 wherein a H-PDLC film with ESBG gratings formed 
therein at said nodes is one of (a) formed on one of said substrates, and (b) independently 
formed and mounted betwem said substrates. 

15 82. A method as clainied in claim 80 said foniuxigelectn>de film stq>iiK^ 
electrode on each substrate on a waveguide at each node. 

83. An integrated critical network having N gmded wave optical i2q>uts, and M guidewave 
optical ou^nits, said network including: 

20 an optical waveguide connected to each input and to eadi output, said waveguides 

intersecting at nodes; and 

an ESBG switch conqxment at each node vAich is operative to either pass an optical 
signal on one wav^uide intersecting at the node on the one wav^uide or to transfer at least a 
portion of such optical signal to the other waveguide intersecting the node, dqsending on the 

25 state of the ESBG. 

84. A network as claimed in claim 83 wherein optical sigmds on said guided wave optical 
iapats are muhiwavelength WDM signals, and includfaig an ESBG switch component at each 
node for eadi wavdength to be transferred at the node. 

30 

85. A rKtwotk as claimed in claim 83 wherdn all of said waveguides have substantially the 
same iruiex Oi, and wherein die ESBG switch ooinponeot at eadi node indudes an K 
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a grating with an index contrast An in optical contact vnlb easdi waveguide, and at least one 
waveguide inte]tx>nneclingtbeESBGs, said wavegmde having an inde^ An. 
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